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Introduction. 

The goal of the research performed in this project is to develop a new technology for repair of 
peripheral nerve injuries involving significant neural deficit with improved functional outcomes for 
the wounded warrior. The research addresses drawbacks of current methods of suture attachment of 
nerve grafts and involves development of both a sutureless fixation method to place the nerve graft 
and an optimal wrap material to seal the endoneurial environment for regeneration.  Reduction in 
needle trauma, reduced inflammation and scarring and sealing the endoneurial environment should all 
contribute to improved clinical outcomes.  

Keywords: Nerve injury, nerve gap, nerve wrap, PTB, photosealing, Rose Bengal, amnion, nerve 
conduit, crosslinking, allograft, photochemistry. 

Overall Project Summary: 

Task 1– Determine mechanical properties, seal strength and resistance to biodegradation of candidate 
photochemical nerve wrap biomaterials. (Months 1-10)  
Task 1a. Regulatory approval of use of human tissue by Partners (MGH) IRB and review and approval 

by USAMRMC Office of Research Protections (human amniotic membrane, HAM). (Months 1-4, 
MGH: Winograd/Redmond) 

Regulatory approval for the use of discarded human tissue (Amniotic membrane) was obtained from 
both the MGH Institutional Review Board and the USAMRMC Office of Research Protections in 
August 2012.  

Task 1b. Regulatory approval of rodent sciatic nerve for nerve wrap bond measurements by MGH 
IACUC and review and approval by USAMRMC Office of Research Protections (ACURO). 
(Months 1-4, MGH: Redmond) 

Approvals for the rodent protocols to be used in Task 2 were obtained from the MGH IACUC (protocol 
#2012N000117) and ACURO approval on 11/19/2012.  

Task 1c. Mechanical testing of AxoGuard→ nerve protector (Months 2-4, MGH: Redmond) 

The AxoGuard nerve protector proved to be too thick for facile use in photochemical tissue bonding 
experiments in the rodent model. It was not possible to wrap this material around the small caliber rat 
sciatic nerve without undue mechanical tension on the wrap that tended to disrupt the contact between 
nerve and wrap.  This required a search for a different source of commercial nerve wrap material, 
described below in Task 1i. 

Task 1d. Processing of HAM and crosslinking with EDC to make xHAM. (Months 4-6, MGH: Redmond) 
Task 1e. Mechanical testing (ultimate stress and Young's Modulus) of HAM and xHAM. (Months 4-6, 

MGH: Redmond) 

We have completed processing of human amniotic membrane (HAM) and chemical crosslinking with 
EDC/NHS to make the crosslinked HAM that should resist biodegradation in vivo. A chemical 
crosslinking system (EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide), a water soluble agent 
used with N-hydroxysuccinimide (NHS) for coupling carboxyl groups with primary amines to form 
amide bonds in proteins) was used at different concentrations under conditions of one hour incubation at 
room temperature and the resultant mechanical properties measured using a microtensiometer. Figures 
1A and 1B show the effect of chemical crosslinker on the maximum stress and Young’s modulus 
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(stiffness) of HAM, measured using a microtensiometer.  As expected, crosslinking imparts a greater 
strength and stiffness to the HAM, especially at the higher concentrations used. 
       
Task 1f. Determine resistance of nerve wraps to collagenase digestion. (Months 4-6, MGH: Redmond). 
 
Biodegradation of HAM as a function of EDC/NHS treatment was determined in the presence of 
0.1% collagenase, a high concentration used in our laboratory for extraction of chondrocytes from 
cartilage. Two assays were used (a) time to complete dissolution and (b) rate of release of amine 
containing amino acids using the fluorescamine assay. 
 
As can be seen in Figure 2, crosslinking of HAM with EDC/NHS has a large effect on the ability of 
HAM to resist biodegradation.  Figure 2A shows that the uncrosslinked HAM is dissolved in the first 
hour of treatment whereas all treated samples remain intact even up to 24 h. A more detailed 
approach using the fluorescamine assay (Figure 2B) to detect amino-acid residues released on 
degradation shows that increasing EDC/NHS reduces rate and extent of degradation measured in this 
fashion.  This is a highly positive result as a major limiting factor for use in nerve repair would be 
rapid degradation of the HAM wrap in vivo and this treatment affords considerable protection. 

 
Task 1g. Rat sciatic nerve harvest from 20 Lewis rats. (Months 6-8, MGH: Randolph/Winograd) 
Task 1h. Measure bonding strengths of wraps to ex vivo sciatic nerve (months 6-8, MGH: Redmond) 
 
One of the strategies for sutureless graft fixation in this project involves photochemical bonding of a 
nerve wrap at the graft/nerve stump junction.  Studies above show that chemical crosslinking with 
EDC/NHS strengthens the wrap material and increases its resistance to biodegradation.  It is 
however, important to evaluate whether this chemical crosslinking could interfere with the ability to 
photochemically bond the wrap material around the epineurium.  Thus, rat sciatic nerves were 
harvested from donor rats immediately post-euthanasia (Task 1g) and bonding of the wrap around the 
nerve ends performed following application of 0.1% Rose Bengal dye in saline to wrap and 
epineurium with illumination at 532 nm.  The HAM wrap/nerve sample was then mounted in a 
microtensiometer, as shown in Figure 3 and the tensile load increased until bond failure.   
 
The bond strength of the EDC/NHS treated HAM remains unchanged until the highest tested 
concentration of 8mM/2mM (EDC/NHS), when a statistically significant decrease is observed with 
respect to control (p<0.05). At this higher concentration the xHAM becomes brittle and more difficult 
to handle. Figure 4 shows the data for bond strength as a function of treatment parameters.  
 
In Task 1h we focused on determining the failure strength of the bond formed between ex vivo nerve 
segments as a function of the fixation procedure, in preparation for the corresponding rat experiments 
in Task 2.  Figure 5 shows the results obtained with the three fixation methods under study (a) 
epineurial suture, (b) fibrin glue and (c) photochemical tissue bonding (PTB) with a wrap material.  
All methods induced bonding between the nerve segments with bond strength in the order of 
suture>PTB>fibrin glue. Conventional epineurial suturing using six 10.0 nylon sutures resulted in the 
strongest bond. This bond was significantly greater than any of the bonds created by PTB (p<0.05). 
The strength of the bonds created by PTB were not significantly different from those created 
following 4-suture epineurial repair. The caliber of the rat sciatic nerve is comparable to a human 
digital nerve. The use of four epineurial sutures in this situation is clinically realistic and is therefore 
supportive of the bond strength imparted by PTB. Little difference was seen between uncrosslinked 
HAM or crosslinked xHAM, except at the highest crosslinker concentration used.   In the rat repair 
model in Aim 2 we have chosen to use the crosslinked HAM due to its increased resistance to 
enymatic degradation. Although bond strength is not really an issue in nerve repair, which should 
ideally be tension-free, these results show that the PTB method can provide fixation strengths 
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approaching that of conventional microsurgery and that the PTB repair is unlikely to be disturbed in 
vivo.  

The results in Figure 5 were obtained with PTB parameters of 0.1% Rose Bengal with 532 nm light 
delivered at an irradiance of 0.5 W/cm2 and a fluence of 60 J/cm2.  To further explore the optimal 
dosimetry conditions for the rat experiments in Aim 2, we performed a fluence dependence study using 
light delivered at an irradiance of 0.5 W/cm2 for various durations.  Figure 6 shows the fluence 
dependence of the bond strength formed using PTB/xHAM (4mM/1mM (EDC/NHS)) to reattach the 
nerve segments ex vivo.  A fluence of 60 J/cm2 resulted in superior bond strength in comparison to 30, 
120 and 240 J/cm2 (p<0.05). Interestingly, bond strength was significantly weaker with the highest 
fluence, presumably due to increasing friability of the amnion wrap. Those nerve/wrap preparations 
treated with no illumination predictably had negligible bond strength. An irradiance of 0.5W/cm2 and a 
fluence of 60J/cm2 equates to an illumination duration of 120 seconds (60 seconds per nerve/wrap side) 
and this was felt to be clinically acceptable for use in the animal studies in Aim 2. 

The anatomy of HAM is shown pictorially in Figure 7. In vivo, the epithelial layer is in contact with the 
amniotic fluid while the spongy layer is in contact with the chorion. During preparation the amnion is 
de-epithelialized but there remains the question as to “which way up” the HAM should be bonded to the 
nerve.  To that end we performed experiments where we were careful to note the surface in contact with 
the nerve and the resultant bond strength obtained after bonding with 60 J/cm2 of 532 nm light delivered 
at an irradiance of 0.5 W/cm2. Figure 8 shows that the bond strength between nerve and amnion was not 
significantly different to the epithelial and chorionic surfaces. This finding has helped simplify 
processing and storage of the amnion and also intra-operative handling. 

The outcome of these experiments has helped confirm the following optimum conditions to apply to the 
in-vivo rodent survival operations in aim 2: 

• Amnion cross-linked with 4mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/1mM
H-hydroxysuccinimide (NHS)

• Laser irradiance of 0.5 W/cm2 and fluence of 60 J/cm2

• Amniotic epithelial and chorionic surfaces bond equally well

Task 1i. Data analysis, conclusions and consideration of alternative wrap materials, if required (Months 
6-10, MGH: Redmond) 

In this task we focused on determining the best candidate commercial wrap to evaluate in PTB 
studies for nerve repair. As outlined in the original project proposal, our plan was to use a tubular 
swine intestinal submucosa (SIS) product called AxoGuard manufactured by AxoGen. Following 
initial trials this product was found to be unsuitable as it was too thick and possessed too much 
inherent shape memory to permit easy wrapping around the small diameter rat sciatic nerve. Intimate 
contact between tissue surfaces is an essential pre-requisite for photochemical tissue bonding. 
Following this discovery, we conducted a thorough search of alternative commercially available 
biomaterials that could satisfy our needs. 

The following products were sampled and assessed for their conformability and bonding ability: 
1. AxoGuard (multi-layer SIS – AxoGen)
2. NeuraGen (Collagen – Integra)
3. NeuraWrap (Collagen – Integra)
4. Tenoglide (Collagen – Integra)
5. NeuraMend (Collagen – Stryker)
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6. NeuraMatrix (Collagen – Stryker)
7. Colafilm (Collagen – Innacol)
8. Amniofix (Collagen – MiMedx)
9. SurgiMend (Collagen – TEI Biosciences)
10. Oasis (Single layer SIS – HealthPoint)

Options 1-9 were also found to be unsuitable due to similar problems regarding excessive material 
thickness, stiffness, shape memory and inability of the material to conform satisfactorily around the rat 
sciatic nerve.  

Option 10 is a single layer SIS product that met our requirements. Oasis is a product marketed and 
distributed as a wound dressing by HealthPoint. Although the material is approximately double the 
thickness of human amnion, it was sufficiently thin to allow circumferential nerve wrapping and close 
contact between wrap and epineurium. In fact, we discovered that both AxoGuard and Oasis SIS 
products are manufactured by Cook Medical. AxoGuard is simply a multi-layered SIS product. Given 
that the large animal studies with large caliber nerves in Aim 3 will use AxoGuard we feel that the 
single layer SIS material is totally appropriate for these small animal studies 

Biomechanical testing of the single layer SIS material showed a Young’s modulus (Fig. 9) and a 
maximum load to failure (Fig. 10) that were considerably greater than that that of human amnion (See 
Figs. 1 and 2). Similar to earlier HAM studies the chemical crosslinking of SIS with increasing 
concentrations of EDC/NHS, gave an increase in Young’s modulus and maximum load to failure. (Figs. 
9 and 10). Digestion with 0.1% collagenase showed that increasing the concentration of EDC/NHS 
crosslinker reduced the rate of proteolytic degradation (Fig. 11) thus, extending the longevity of the 
material in vivo. This finding was consistent with those results observed with HAM and satisfied our 
goal to increase the in-vivo survival of nerve wrap biomaterial during long periods of recovery 
associated with large nerve deficit reconstruction and long nerve grafts. 

As with the human amnion nerve wraps, it was important for us to confirm that, in addition to 
increasing the resistance to enzymatic degradation, EDC/NHS crosslinking of SIS did not interfere 
with photochemical tissue bonding. Figure 12 shows that there was no significant drop in bond 
strength measured by ex-vivo tensiometer testing. Interestingly, bond strength between SIS nerve 
wrap and sciatic epineurium was significantly greater than that found with untreated and crosslinked 
human amnion.  

Milestones for Task 1 include the following, with decisions taken at the joint meetings of Partnering 
PI’s, held at MGH, WRNMMC and mutual conferences.  

• Obtain MGH and DOD approvals for all protocols
• Determine mechanical properties of wrap materials and establish suitability for use in PTB.

Modify processing of wraps and utilize alternate wraps if necessary
• Determine bond strength of wraps to ex-vivo nerve and synthetic graft. Modify processing of

wraps and utilize alternate wraps if necessary.
• Collate results and determine best nerve wraps to use in Task 2
• Prepare publications and presentations based on Task 1 research results

All the above milestones have been met so far, as described above. 

Task 2 – Determine efficacy of nerve regeneration in a rodent model of segmental nerve deficit 
injury as a function of wrap and fixation procedure. (Months 6-22). 
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Task 2a. Regulatory approval for rodent study of segmental deficit repair by MGH IACUC and review 
and approval by USAMRMC Office of Research Protections (ACURO). (Months 1-4, MGH: 
Redmond/Winograd/Randolph) 

This aim involves a large study of peripheral nerve repair in a rat sciatic nerve model using isogeneic 
Lewis rats. The animal protocol for these experiments has been reviewed and received IACUC approval 
at the Massachusetts General Hospital (protocol #2012N000117) and was also granted ACURO 
approval on 11/19/2012. 

Task 2b. Rodent surgeries for segmental deficit and repair using isograft with 110 Lewis rats. (Months 
6-8, MGH: Winograd/Randolph) 

A total of 110 rodents underwent survival surgery, commencing on 2/26/2013 and completed on 
5/10/2013. 

Task 2c. Biweekly functional recovery testing by gait analysis in isograft study. (Months 6-14, MGH: 
Redmond) 

Functional recovery in each rodent during the 5-month follow-up period has been measured by monthly 
walking track analysis using the well-established Sciatic Function Index (SFI) as calculated from the 
paw-prints of the rodents as a function of time after surgery. As predicted, those animals in the negative 
control group (no repair following nerve deficit injury) experienced no functional recovery as illustrated 
by a complete lack of correction of the sciatic function index (-96.2+/-3.7). A value of -100 indicates 
zero functional recovery. Despite performing well in ex vivo experiments, those isografts wrapped with 
the commercially sourced SIS material performed worst out of all biological nerve wraps. In SIS+suture 
and SIS+PTB groups, this was statistically significant in comparison to standard repair (positive 
control). Isografts wrapped with cross-linked human amnion and secured with PTB (xHAM+PTB) 
exhibited the greatest functional recovery value although this did not reach statistical significance in 
comparison to the positive control group (SFI = -67.93+/-5.11 vs -71.69+/-4.80). There was no 
statistically significant difference between any of the remaining experimental groups compared to the 
positive control group. Table 1 provides a summary of the functional data. 

It should be noted that although walking track analysis is a well-accepted outcome measure for 
functional assessment following rodent peripheral nerve surgery, the method has several recognised 
limitations that have been encountered. The inked footprints are rarely perfect and are open to 
considerable inter-observer variability. Walking track analysis is also limited by experimental hind-paw 
clawing. Although this was not a major problem, a small number of rodents at later time points in the 
majority of experimental groups were excluded from the calculation of mean SFIs due to unmeasurable 
footprints. Clawing results due to injury and incomplete recovery of the nerve supply to intrinsic 
musculature in the hind foot and may be exacerbated by the lack of physical rehabilitative measures that 
would ordinarily be introduced in human subjects. Although not thoroughly assessed, the presence of 
clawing did not seem to affect the reinnervation and retention of gastrocnemius muscle mass and 
therefore this problem may be limited to walking track analysis. Thus, SFI results are useful but a 
decision regarding which wrap and fixation method to proceed with in the next step could not be taken 
solely on this metric. 

Task 2d. Gastrocnemius muscle harvest and muscle mass retentions in isograft study (Months 12-14, 
MGH: Redmond) 
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Following sacrifice, both experimental left sided gastrocnemius muscle and contralateral right-sided 
control muscle were harvested from each rodent. Wet muscle mass was recorded immediately following 
harvest and percentage muscle mass retention calculated. Mean muscle mass retention in the negative 
control group was only 9.2% +/- 0.92. As expected, this was significantly less that achieved in the 
standard repair group. Greatest muscle mass retention occurred in the xHAM+PTB group and the 
increase over standard repair was statistically significant (67.3% +/- 4.44 vs 60.0% +/-5.16; p=0.02). 
There was no statistically significant difference between the positive control group and any of the 
remaining experimental groups. Wraps secured with fibrin glue performed consistently better than those 
secured with suture although these effects did not reach statistical significance. Table 2 provides a 
summary of muscle mass retention data. 

Task 2e. Histomorphometric analysis of proximal and distal fibers in isograft study (Months 12-16, 
MGH: Redmond/Winograd) 

Following sacrifice, left sciatic nerves were harvested and sent for histology. Nerves were harvested 
from a distance 5mm proximal to the proximal isograft neurorrhaphy site to 5mm distal to the distal 
neurorrhaphy. Following 24-hours of fixation, each nerve was cut into proximal, mid-graft and distal 
sections. Following dehydration and epoxy resin embedding, 1-micron slices of each specimen were cut 
and mounted for histomorphometric analysis. Axon counts and G-ratio (marker of myelination) will be 
measured from scanned images. All histologic specimens were collected and prepared for sectioning.  

Histomorphomeric analysis of all groups is now complete (Table 3; Fig 13). Axon counts at the distal 
section site did not differ significantly between treatment groups and positive controls. Those nerves that 
were repaired with crosslinked amnion and PTB (xHAM+PTB) recovered greatest fiber diameter, axon 
diameter and myelin thickness (Table 3; Fig 13). The corrected values (G-ratio) for myelination were 
not significantly different. These results support earlier functional data on sciatic function index (SFI) 
and muscle mass retention with xHAM+PTB performing best of all repair procedures. 

Task 2f. Determination of axonal migration, endoneurial scarring in isograft study. (Months 12-16, 
MGH: Redmond/Randolph/Winograd) 

Previous studies from our lab have suggested that, in addition to creating a watertight seal at the 
neurorrhaphy site, photochemical tissue bonding also reduces the formation of fibrinous adhesions 
around the nerve. Although this is difficult to quantify, observations following rodent sacrifice in this 
study have supported this (Figure 14). 

Task 2g. Decision on wrap/fixation method for AvanceΤΜ nerve graft studies in rodent model. (Month 
16, All PI’s) 

This decision was made based on the composite results from gait analysis,  muscle mass retention and 
histomorphometric studies that showed that of all approaches used the best outcomes were reproducibly 
observed when the PTB+xHAM procedure was used (see above).  This was due to statistically 
significant increases in gastrocnemius muscle mass retention and histomorphometric outcomes including 
fiber diameter, axon diameter and myelin thickness along with equivalent SFI results in comparison to 
standard microsurgical repair of peripheral nerve injury involving significant nerve deficit using 
autograft (isograft) repair. Thus, for the allograft studies the wrap/fixation method chosen was 
PTB+xHAM in a model of rat sciatic nerve injury with deficit.  

As detailed in the original project proposal, our intention was to purchase the Avance processd human 
allograft from AxoGen for use in the final phase of the rodent studies. After discussion with AxoGen 
and a review of the most recent literature on the use of human versus rat allograft in rodent models, we 
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were advised that the human-sourced nerve may not be optimal for rodent studies (due to the potential 
for cross-species immunoreactivity being greater than originally expected) and that for the purpose of 
these studies it would be better use processed rodent allograft. We have since harvested, frozen and 
stored donor rat sciatic nerve before shipping to AxoGen for processing. A Material Transfer Agreement 
was agreed between MGH and AxoGen and delivery of the processed nerve was concluded in December 
2013.  Allografts were of excellent quality. Microscopic examination revealed no evidence of epineurial 
fragmentation and fascicular architecture appeared intact. The grafts were pliable and resembled 
autogenous tissue. 
 
Task 2h.  Rodent surgeries for segmental deficit and repair using rat processed allograft (MGH: 

Winograd/Randolph) 
 
Surgery has now been completed on the remaining 2 groups (n=10) of acellular nerve allograft (ANA) 
repairs in rodents. ANA secured using xHAM+PTB (using optimal crosslinking conditions of 
4mM/1mM EDC/NHS and 532 nm illumination at an irradiance of 0.5 W/cm2 and fluence of 60 J/cm2) 
were compared to a control group where ANA was secured using conventional 10-0 epineurial suture. 
The rat-processed nerve bore very close resemblance to freshly harvested autogenous nerve and was 
easy to handle intra-operatively. No issues were encountered when photochemically bonding the nerve. 
Walking track analysis, calculation of sciatic function index (SFI) (Fig 15, Table 4)) and measurement 
of gastrocnemius muscle mass retention is now complete (Fig 16, Table 5). Histology processing of 
excised nerve tissue has also now been completed and results of histomorphometric analysis are 
summarized in Table 6. 
 
Task 2i.  Biweekly functional recovery testing by gait analysis in Avance nerve graft study. 

(Winograd/Randolph/Redmond - Months 16-20) 
 
While photochemically sealed ANA showed an improvement in SFI in comparison to sutured ANA (-
80.3+/-4.2 vs. -78.3+/-5.0; Table 4 and Fig.15), the difference was not statistically significant.  When the 
analogous isograft studies from this Task were included for comparison, the isograft+xHAM/PTB  
group recovered greatest SFI after 5-months follow-up (Table 4). This was not statistically significant in 
comparison to isograft+suture. ANA+suture performed statistically worse than isograft+suture (-80.3+/-
4.2 vs. -71.7+/-4.8; p=0.0019; Table 1 and 4). SFI was also statistically less for ANA+xHAM/PTB in 
comparison to isograft+xHAM/PTB (Table 4) but not significantly different from the standard of care 
isograft+suture repair. 
 
  
Task 2j.  Gastrocnemius muscle harvest and muscle mass retentions in Avance nerve graft study. 

(Winograd/Randolph/Redmond - Months 20-22)  
 
Although ANA+xHAM/PTB displayed a trend towards greater muscle mass recovery in comparison to 
ANA+suture, this result was not statistically significant (55.2+/-5.5% vs. 52.9+/-4.77%; Table 5, Fig 
16). When the analogous isograft repairs are considered, the isograft+xHAM/PTB recovered greatest 
gastrocnemius muscle mass retention and this was statistically significant in comparison to all other 
groups (Table 5). Muscle mass recovery was statistically poorer in ANA+suture group in comparison to 
isograft+suture group. Likewise, recovery of ANA+xHAM/PTB was statistically poorer than 
isograft+xHAM/PTB. Muscle mass retention in the ANA+xHAM/PTB group was statistically 
comparable to that achieved using gold standard isograft+suture.  
 

Task 2k.  Histomorphometric analysis of proximal and distal fibers in Avance nerve graft study. 
(Winograd/Randolph/Redmond - Months 20-22)  
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Although not statistically significant, fiber diameter, axon diameter and myelin thickness in the 
ANA+xHAM/PTB group displayed a trend towards greater recovery in comparison to ANA+suture. 
When considering analogous isograft repair groups, isograft+xHAM/PTB recovered the greatest fiber 
diameter, axon diameter and myelin thickness and this was statistically significant in comparison to all 
other groups (Table 6). Axon counts in the distal nerve stump were significantly greater for 
isograft+xHAM/PTB in comparison to ANA+suture. No other significant differences in axon counts or 
axon density existed between treatment groups. Histomorphometric recovery was poorest in the 
ANA+suture group and this was statistically significant in comparison to isograft+suture and 
isograft+xHAM/PTB. There was no significant difference between ANA+xHAM/PTB and gold 
standard isograft+suture (Table 6).  

Task 2l.  Determination of axonal migration, endoneurial scarring in Avance nerve graft study. 
(Winograd/Randolph/Redmond - Months 20-22) 

As with previous isograft studies, the formation of extraneural scar tissue was qualitatively less with 
photochemical repair in comparison to suture repair (Fig 17).  

Task 2m.  Decision on Avance nerve graft procedure for large animal studies in Aim 3. (All PIs, 
Month 22)  

This study shows that outcomes following light-activated sealing of ANA with PTB/xHAM are 
improved in comparison to sutured ANA, and are statistically equivalent to gold standard sutured 
isografts. Based on these findings, isografts that are photochemically sealed with crosslinked amnion 
nerve wraps have emerged as the superior reconstructive method for large gap nerve repair. However, 
the ability to elevate the performance of ANA to match the current gold standard is of major clinical 
interest when severe injuries, complicated with limb loss, preclude the use of autograft. The 
demonstrated success of light-activated sealing of isograft coaptation sites is likely related to the 
creation of a water-tight seal and the subsequent containment of the neurotrophic rich milieu. It is 
possible that removal of Schwann cells (SC) , and the neurotrophic factors they liberate, during 
decellularization of ANAs, may partially abrogate this effect. However, the benefit observed suggests 
that the technique remains advantageous. The avoidance of suture-induced inflammation and fibrosis, 
the exclusion of infiltrating scar tissue and the prevention of axonal escape may be responsible.  

Following decellularization, ANAs consist of basal lamina scaffolds. Components of the basal lamina 
such as fibronectin and laminin have pro-regenerative effects on neurite outgrowth and can support 
axonal regeneration in the absence of SCs. Whilst this may be sufficient over short lengths of ANA, 
successful regeneration across longer lengths is dependent on re-population of ANA by resident SCs. 
This study did not assess the extent of SC re-population but it is possible that photochemical sealing 
may augment SC migration, further improving regeneration through long ANAs. Investigating SC 
repopulation in ANAs of varying length may form the basis of future investigation. When combined 
with cell-based therapy and tissue engineering, sealing the regenerative mileu and maintaining high 
levels of growth promoting factors at the repair site, may amplify this effect.  

With these acellular nerve allograft studies showing equivalent nerve regeneration outcomes for 
photochemical sealing of ANA or standard of care sutured autograft and promise in the use of ANA 
in this fashion for wounded warriors that lack sufficient autograft for standard repair, we are 
confident in this approach to progress to large animal studies. 
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Milestones for Task 2 include the following, with decisions taken at the quarterly meetings of 
Partnering PI’s, held alternately at MGH and WRNMMC.  

• Obtain MGH and DoD approvals for all protocols.
• Complete all rodent surgeries and repair groups for isograft study.
• Determine lead wrap/fixation method for best functional recovery in isograft model and proceed

with this method for Avance nerve graft study
• Determine method for rodent acellular nerve allograft (ANA) preparation
• Complete all rodent surgeries and repair groups for Avance nerve graft study
• Analyze recovery of function, muscle mass retention and histomorphometry data.
• Determine animal model and best photosealing procedure for Avance nerve graft vs autograft

large animal study in Task 3
• Prepare publications and presentations based on Task 2 research results.

All above milestones have now been completed 

Task 3. Explore efficacy of lead wrap/fixation approach against standard of care autograft in 
large animal model of large segmental nerve deficit.  

Task 3a.  Regulatory approval for sheep study of segmental deficit repair. (Winograd, 
Randolph/Redmond, Months 18-22) 

We have recently concluded a very long period of rodent studies to determine the best wrap/fixation 
method for use in repair of large segmental nerve deficits using autograft or allograft.  The nest 
performing repair method in the autograft study was clearly photosealing using a crosslinked human 
amnion wrap.  In the allograft study, this method again performed well, reaching statistical 
equivalence to standard of care autograft repaire using suture.  Thus, the potential exists for 
application of this technology to wounded warriors where there is an insufficient supply of 
appropriate autograft. 

Final validation of this technology for human application requires the large animal studies of 
segmental deficit repair in Phase 3.  The original plan for these studies was repair of a 5 cm deficit in 
the median nerve of the sheep forelimb.  The sheep model was chosen on the grounds of n established 
experimental model with negligible morbidity to the animal.  However, in discussion with Axogen 
over the use of allograft in this model it was concluded that the sheep nerve structure was 
considerably different from human nerve and may not be suitable for the placement of the Avance 
product.  We also considered the preparation of sheep allograft for use in this study but the structural 
differences caused our consultants at Axogen some trepidation as prior experience with sheep nerve 
using their patented detergent-based approach to human allograft preparation proved unsatisfactory.  
The decision was then taken to use a swine median nerve deficit model, which is equally well-
tolerated by the animals, using the Avance acellular nerve allograft (from humans) in the swine 
model.  Researchers at Axgen did not believe there would be a problem with immunogenicity with 
these studies but we proposed a small pilot study for immune reaction to the use of this material in 
the swine model before proceeding to the full study.  The protocol for these studies was submitted to 
the IACUC at MGH in early October 2014 and is under review.  On approval, the protocol will be 
forwarded to ACURO for approval before commencing experiments in December 2014. 

The following tasks will be completed in Year 3. 
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3b. Surgical procedures to create segmental deficit in swine model. (Months 23-25) 
3c. Delayed repair of nerve deficit by Avance and autograft in swine model. (Months 23-25) 
3d. Electrophysiology measurements in swine. (Months 23-30) 
3e. Histomorphometric analysis of proximal and distal fibers in swine study. (Months 30-32)  
3f. Determination of axonal migration, endoneurial scarring in swine study. (Months 30-32)  
3g. Preparation of manuscript based on Task 3 studies and evaluation for recommendation for 

human studies. 

Key Research Accomplishments: 

 Demonstrated that human amniotic membrane (HAM) can be strengthened by a biocompatible 
crosslinking process.  

 Demonstrated that crosslinking dramatically increases resistance of HAM to biodegradation, thus, 
increasing its longevity as a wrap for nerve graft sealing in vivo. 

 Demonstrated that chemical, crosslinking of HAM does not affect its ability as a wrap for 
photochemical sealing over nerve graft coaptation sites.  

 Demonstrated that photochemical sealing of crosslinked HAM (xHAM) over nerve graft 
coaptation sites can be performed in a facile manner in a rat sciatic nerve model. 

 Demonstrated that commercial single layer SIS (swine intestinal submucosa, Oasis) is a stronger 
material than HAM and can be further strengthened by chemical crosslinking with increased 
resistance to biodegradation. 

 Demonstrated that both SIS and HAM and their crosslinked derivatives can be used as 
photochemical wraps in vivo over nerve graft coaptation sites in a facile manner in a rat sciatic 
nerve model. 

 Demonstrated improved nerve regeneration in a functional recovery model (SFI, sciatic function 
index) using PTB/xHAM wrap compared to standard (suture) of care microsurgery. 

 Demonstrated improved nerve regeneration in a muscle mass retention model (contralateral 
control (unoperated) vs treated sciatic nerve graft) using PTB/xHAM wrap compared to standard 
(suture) of care microsurgery. 

 Demonstrated improved nerve regeneration in histomorphometric outcomes using PTB/xHAM 
wrap compared to standard (suture) of care microsurgery. 

 Determined PTB/xHAM wrap to be the optimal fixation method for nerve repair involving large 
segmental deficit in a rodent model. 

 Demonstrated that detergent-based processing of rat nerve can provide excellent acellular nerve 
allograft (ANA) for study of nerve regeneration in a rodent model. 

 Demonstrated improved nerve regeneration outcomes of PTB/xHAM fixation of rat ANA 
compared to suture fixation. 

 Demonstrated regeneration outcomes using ANA + PTB/xHAM repair of segmental nerve deficit 
in a rodent model equivalent to standard of care autograft/suture repair. 

 Demonstrated that ANA + PTB/xHAM is a potential solution to providing oprtimal nerve 
regeneration outcomes in wounded warriors with insufficient autograft. 

 Outlined a large animal protocol for comparative study of standard of care autograft vs ANA + 
PTB/xHAM in nerve regeneration using electrophysiological outcomes. 
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Reportable Outcomes: 

Conference Presentations: 

1. Fairbairn NG, Ng-Glazier J, Meppelink A, Randolph MA, Winograd JM, Fleming ME, Valerio
IL, Kochevar IE, Redmond RW

2. Fairbairn NG, Ng-Glazier J, Meppelink A, Randolph MA, Winograd JM, Fleming ME, 

. Large extremity peripheral nerve repair.  Military Health System 
Research Symposium (MHSRS) Fort Lauderdale, FL.  August 12-15, 2013.

Valerio
IL

3. 

, Kochevar IE, Redmond RW Treating Peripheral Nerve Injuries with Photochemical Tissue
Bonding in Military and Civilians. 118th AMSUS Annual Continuing Education Meeting,
Seattle, WA.  November 3-8, 2013.
Fairbairn NG

4. 

, Ng-Glazier J, Meppelink A, Randolph MA, Winograd JM, Fleming ME, Valerio
IL, Kochevar IE, Redmond RW. Improved outcome following nerve graft reconstruction: The
application of photochemical tissue bonding and human amnion nerve wraps in a rodent model of
large deficit nerve injury. 41st Meeting of the New England Hand Society. Sturbridge MA,
December 6, 2013.
Fairbairn NG, J Ng-Glazier

5. 

, Meppelink A, Randolph MA, Winograd JM, Fleming ME, Valerio
IL, Kochevar IE, Redmond RW. Annual Meeting of the American Society for Peripheral Nerve,
Koloa, HI. January 10-12, 2014.
Fairbairn NG

6. 

, Ng-Glazier J, Meppelink A, Randolph MA, Winograd JM, Fleming ME, Valerio IL,
Redmond RW. Improving neuroregeneration following large deficit peripheral nerve injury: the
application of human amniotic membrane scaffolds and photochemical tissue bonding (PTB). Poster
presentation. 8th Symposium on Biologic Scaffolds for Regenerative Medicine, Silverado Resort,
Napa, California, USA, 24-26th April, 2014.
Fairbairn NG

7. 

, Ng-Glazier J, Meppelink A, Randolph MA, Winograd JW, Fleming ME, Valerio IL,
Redmond RW. The application of Photochemical Tissue Bonding (PTB) for Large Deficit Peripheral
Nerve Injury. Poster Presentation. 3rd Annual Harvard Research Day. 10th May 2014, Thomas Martin
Conference Centre, Harvard Medical School, Boston, MA, USA.
Fairbairn N

8. 

G, Ng-Glazier J, Meppelink A, Randolph MA, Winograd JM, Fleming ME, Valerio IL,
Redmond RW. The application of photochemical tissue bonding for large deficit nerve repair. Oral
presentation. 25th Annual Smith Day & Inaugural Jupiter International Forum. Royal Sonesta Hotel,
Cambridge, MA, USA. 30th May 2014.
Fairbairn NG

9. 

, Ng-Glazier J, Meppelink A, Randolph MA, Winograd JM, Fleming ME, Valerio IL,
Redmond RW. The application of photochemical tissue bonding for large deficit nerve repair. Oral
presentation. The 55th Annual meeting of the New England Society of Plastic and Reconstructive
Surgeons (NESPRS), Sebasco Harbour Resort, Sebasco Harbour, Maine, USA, 6-8th June, 2014.
*Joseph E Murray award for best presentation.
Fairbairn NG

10. 

, Ng-Glazier J, Meppelink A, Randolph MA, Winograd JM, Fleming ME, Valerio IL, 
Redmond RW. Improving outcome following large deficit peripheral nerve injury: the application of 
a human amnion nerve wrap and photochemical tissue bonding (PTB). Oral presentation at the 
quadrennial congress of the European Society of Plastic Reconstructive and Aesthetic Surgeons 
(ESPRAS), Edinburgh, Scotland, UK, 6-11th July 2014. 
Redmond RW.  Clinical applications of photochemical crosslinking. Invited Talk at the Gordon 
Conference for Lasers in Medicine and Biology. Holderness, NH. July 13-18, 2014. 

Publications  

1. Fairbairn NG, Randolph MA, Redmond. The clinical applications of amnion in plastic surgery. J
Plast Reconstr Aesthet Surg. 2014 May;67(5):662-675.
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2.  Fairbairn NG, Ng-Glazier J, Meppelink A, Randolph MA, Winograd JM, Fleming ME, Valerio 
IL, Redmond Rw. Light-Activated Sealing of Nerve Graft Coaptation Sites Improves Outcome 
Following Large Gap Peripheral Nerve Injury. Plast Reconstruct Surg. 2014, in press.  

 
3.  Fairbairn NG, Ng-Glazier J, Meppelink A, Randolph MA, Winograd JM, Fleming ME, Valerio 

IL, Redmond RW. Large gap nerve reconstruction using acellular nerve allografts and 
photochemical tissue bonding. Plast Reconstruct Surg. 2014, submitted.  

 
 
Conclusion:  
 
At the end of the first two years of this project there have already been some notable discoveries that 
may impact military health care in the near future.  There is a clear need in military medicine to improve 
outcomes in wounded warriors that undergo severe extremity injury involving large gap peripheral nerve 
injury. We have demonstrated that biocompatible chemical crosslinking can be used to strengthen thin 
nerve wraps and increase resistance to biodegradation such that the wrap retains its sealing ability 
throughout the time taken for the regenerating axons to traverse the nerve graft and pass the distal 
coaptation site. The light-activated sealing of the nerve wrap around the coaptation sites obviates the 
need for suture attachment of the graft and a host of advantages result from the lack of needle injury, 
inflammation and scarring, possible infection and axonal scape that can reduce functional recovery and 
cause neuroma formation. Processed crosslinked human amnion, a thin biological membrane (< 50 
micron), has demonstrated the best potential as a nerve wrap for photochemical sealing in rodent models 
in vivo, with other commercial nerve wraps having proven less suitable due to greater thickness and 
inability to conform to the dimensions of the rat sciatic nerve. Using a photosealing approach with this 
material we have shown significant improvement in nerve regeneration outcomes in rodent models of 
segmental nerve defect bridged by autologous nerve graft 
  
The severity of injury in wounded warriors exposed to IED blast can involve massive soft tissue damage 
and amputation. As such, donor autologous nerve may be unavailable for repair purposes and 
alternatives are sought.  We focus on human allograft as a potential solution. Although allograft has 
proven to be less effective for nerve regeneration than autograft in clinical implementation using 
microsurgical attachment, we hypothesized that the photosealing benefit may improve outcomes.  In the 
same rodent model we have demonstrated that photosealing allograft as a nerve bridge produces nerve 
regeneration that is not statistically different from standard of care sutured autograft. This represents 
major progress in the treatment of peripheral nerve injury associated with military trauma. if these 
improvements translate clinically, this could result in important improvements in peripheral nerve 
recovery in those cases of severe trauma and limb loss where the use of nerve autograft is not possible. 
With refinement, and with parallel advances in stem cell therapy and tissue engineering, this technique, 
when used in conjunction with acellular nerve allograft, has the potential to supplant the use of 
autografts following large gap injury. This approach is capable of rapid commercialization and 
translation into military medicine.  The IP has been filed and the materials involved can be easily stored 
in a prolonged manner for rapid deployment.   
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Table 1. Monthly mean SFIs. After 5-months follow-up, those nerves repaired with photochemically 
sealed crosslinked amnion (xHAM+PTB) recovered greatest SFI, although this was not statistically 
significant. The negative control and those nerves repaired using xSIS+suture and xSIS+PTB performed 
statistically worse than graft+suture.  

Experimental 

group 

Mean SFI 

1-month 2-month 3-month 4-month 5-month 

No Repair -89.0+/-3.9 -94.2+/-4.7* -89.8+/-5.1* -89.3+/-4.8* -96.2+/-3.7* 

Standard 

Graft + Suture 

-87.6+/-5.0 -81.1+/-4.5 -71.8+/-7.3 -74.7+/-6.3 -71.7+/-4.8 

HAM+suture -90.3+/-5.2 -85.7+/-9.8 -80.6+/-3.5* -79.7+/-5.7 -77.9+/-6.3 

HAM+fibrin -89.2+/-4.0 -81.6+/-4.1 -80.4+/-7.2* -79.4+/-4.3 -75.2+/-4.6 

HAM+PTB -90.0+/-5.2 -81.2+/-2.4 -72.8+/-4.6 -75.6+/-3.3 -74.5+/-4.5 

xHAM+suture -96.6+/-7.5 -82.4+/-4.8 -80.0+/-4.0* -81.4+/-4.8 -76.8+/-2.7 

xHAM+fibrin -90.9+/-3.2 -84.1+/-3.6 -79.8+/-3.3* -81.2+/-3.1 -75.0+/-4.0 

xHAM+PTB -88.2+/-3.9 -80.3+/-3.5 -67.2+/-3.3 -71.6+/-5.5 -67.9+/-5.1 

xSIS+suture -94.7+/-3.9 -85.6+/-4.4 -82.5+/-4.4* -81.4+/-4.4 -80.3+/-3.2* 

xSIS+fibrin -93.2+/-4.6 -84.7+/-4.9 -82.0+/-3.7* -81.5+/-3.9 -78.8+/-3.9 

xSIS+PTB -92.5+/-2.0 -84.7+/-5.0 -84.3+/-4.6* -85.3+/-6.3* -85.0+/-6.0* 

Table 2: Left gastrocnemius muscle mass retention at 150 days post-repair. Those nerves repaired 
using xHAM+PTB recovered greatest gastrocnemius muscle mass retention. This result was statistically 
significant. Those nerves repaired using xSIS+suture and xSIS+PTB recovered least gastrocnemius 
muscle mass. *Statistically significant improvement in comparison to standard graft+suture; p<0.05. 

Experimental group Mean left gastrocnemius 

muscle mass retention (%) 

SD P value* 

No Repair 9.2 0.9 <0.0001 

Standard Graft + Suture 60.0 5.2 1 

HAM+suture 56.0 5.6 1 

HAM+fibrin 59.8 5.4 1 

HAM+PTB 62.5 4.0 1 

xHAM+suture 57.7 5.1 1 

xHAM+fibrin 62.7 4.3 1 

xHAM+PTB 67.3* 4.4 0.02* 

xSIS+suture 54.9 4.5 0.68 

xSIS+fibrin 58.5 5.4 1 

xSIS+PTB 54.1 3.2 0.37 
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Table 3: Histomorphometric analysis of nerve sections 5 mm distal to distal coaptation site in all 
groups. No difference in axon counts existed between experimental controls and treatment groups. 
Nerve fiber diameter, axon diameter and myelin thickness were all significantly larger in those nerves 
repaired using crosslinked amnion and PTB (p<0.05).  

Group Total Axon 

Count x 10-3 

Axon density 

(mm2 x 10-3) 

Nerve Fiber 

diameter (µm) 

Axon 

diameter (µm) 

Myelin 

thickness (µm) 

G ratio 

Negative 

Control 

0.04+/-0.05* 0.48+/-0.49* 4.25+/-1.28* 2.64+/-1.01* 1.61+/-0.55* 0.61+/-0.09 

Positive 

Control 

7.61+/-3.42 29.36+/-18.10 5.47+-1.70 3.50+/-1.44 1.96+/-0.47 0.62+/-0.08 

HAM+suture 10.41+/-3.99 28.85+/-18.61 5.07+/-1.58* 3.44+/-1.39 1.63+/-0.50* 0.67+/-0.17 

HAM+fibrin 10.42+/-1.54 29.95+/-14.00 5.22+/-1.67* 3.44+/-1.45 1.78+/-0.45* 0.64+/-0.09 

HAM+PTB 9.31+/-4.19 30.70+/-8.94 5.19+/-1.76* 3.47+/-1.53 1.72+/-0.41* 0.65+/-0.09 

xHAM+suture 9.79+/-3.35 27.12+/-9.22 5.14+/-1.66* 3.54+/-1.47 1.59+/-0.36* 0.67+/-0.08 

xHAM+fibrin 10.87+/-4.32 32.12+/-20.28 5.24+/-1.68* 3.52+/-1.49 1.72+/-0.42* 0.65+/-0.09 

xHAM+PTB 9.66+/-3.08 30.73+/-14.73 6.87+/-2.23* 4.51+/-1.83* 2.35+/-0.64* 0.64+/-0.08 

xSIS+suture 9.36+/-2.41 30.30+/-16.46 4.83+/-1.42* 3.31+/-1.29* 1.52+/-0.38* 0.67+/-0.08 

xSIS+fibrin 6.91+/-2.62 31.55+/-13.37 5.18+/-1.50* 3.58+/-1.30 1.59+/-0.52* 0.68+/-0.11 

xSIS+PTB 7.84+/-2.04 30.06+/-13.38 4.81+/-1.49* 3.35+/-1.33* 1.45+/-0.34* 0.68+/-0.08 

*Denotes statistical significance in comparison to standard repair group

Table 4: Mean SFI for analogous treatment groups over 5-month follow-up period. At each time point 
throughout recovery, no significant differences existed within each of the ANA groups. 

Group 1 month 2 month 3 month 4 month 5 month 

Isograft + Suture -87.6+/-5.0 -81.1+/-4.5 -71.8+/-7.3 -74.7+/-6.3 -71.7+/-4.8 

isograft+xHAM/PTB -88.2+/-3.9 -80.3+/-3.5 -67.2+/-3.3 -71.6+/-5.5 -67.9+/-5.1 

ANA+suture -95.4+/-2.5 -90.3+/-10.6 -87.9+/-4.0 -84.1+/-3.2 -80.3+/-4.2 

ANA+xHAM/PTB -93.4+/-3.4 -91.1+/-5.4 -88.9+/-5.4 -83.4+/-4.8 -78.3+/-5.0 
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Table 5: Mean gastrocnemius muscle mass retention for analogous treatment groups at 150 days post-
repair. 
 

Experimental Group Mean gastrocnemius 

muscle retention (%) 

SD P value* 

Isograft+suture 60.0 5.2 ---- 

Isograft+xHAM/PTB 67.3* 4.4 0.01 

ANA+suture 52.9* 4.77 0.02 

ANA+xHAM/PTB 55.2 5.5 0.22 

*Denotes statistical significance in comparison to standard repair group 
 
 
 
 
 
 
Table 6: Histomorphometric analysis of nerve sections 5 mm distal to distal coaptation site in all 
groups. (p<0.05). 
 

Experimental 

Group 

Total axon 

count (x10-

3) 

Axon Density 

(mm2 x 10-3) 

Nerve fiber 

diameter (μm) 

Axon 

diameter (μm) 

Myelin 

thickness (μm) 

G-ratio 

Isograft+suture 7.61+/-3.42 29.36+/-18.10 5.47+-1.70 3.50+/-1.44 1.96+/-0.47 0.62+/-0.08 

Isograft+xHAM/PTB 9.66+/-3.08 30.73+/-14.73 6.87+/-2.23* 4.51+/-1.83* 2.35+/-0.64* 0.64+/-0.08 

ANA+suture 5.04+/-2.57 21.50+/-2.56 5.26+/-1.29 3.30+/-1.15 1.76+/-0.86 0.62+/-0.12 

ANA+xHAM/PTB 6.04+/-3.20 22.03+/-5.15 5.38+/-1.22 3.41+/-0.99 1.97+/0.69 0.63+/-0.11 

*Denotes statistical significance in comparison to standard repair group 
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Figure 1A: Effect of EDC/NHS crosslinker concentration on maximum stress of HAM (n=5, * 
p<0.1, ** p<0.05). 
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Figure 1B: Effect of EDC/NHS crosslinker concentration on Young’s Modulus of HAM (n=5, * 
p<0.1, ** p<0.05). 
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Figure 2A: Effect of EDC/NHS crosslinking on gross degradation time on incubation of control and 
crosslinked HAM samples with 0.1% collagenase in PBS at 37oC. 
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Figure 2B: Effect of EDC/NHS crosslinker concentration on amine containing amino-acid release 
detected by fluorescamine assay on incubation of control and crosslinked HAM samples with 0.1% 
collagenase in PBS at 37C. 
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Figure 3: Schematic cartoon of wrap/nerve complex secured in the grips of the mechanical testing 
device. 
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Figure 4: Bond strength between rat sciatic nerve ex vivo and HAM wrap as a function of 
crosslinking with photochemical bonding using 532 nm light delivered at 0.5 W/cm2 and a total 
flence of 60 J/cm2 (n=5, ** p<0.5). 
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Figure 5: nerve-amnion bond strength as a function of fixation method using 532 nm light delivered 
at 0.5 W/cm2 and a total fluence of 60 J/cm2 (n=5). 
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Figure 6: Nerve-amnion bond strength using PTB as a function of fluence (J/cm2) using 532 nm light 
delivered at 0.5 W/cm2 (n=5, ** p<0.5). 
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Figure 7:  Schematic representation of the anatomy of human amniotic membrane (HAM) 
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Figure 8: Amnion-nerve bond strength via PTB as a function of which surface was used as interface 
with nerve using 532 nm light delivered at 0.5 W/cm2 and a total fluence of 60 J/cm2. 
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Figure 9: Effect of EDC/NHS crosslinker concentration on Young’s Modulus of SIS (n=5, *p<0.5) 
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Figure 10: Effect of EDC/NHS crosslinker concentration on Young’s Modulus of SIS (n=5,  
* p<0.5). 
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Figure 11: Digestion rates of crosslinked SIS as a function of crosslinker concentration in 0.1% 
collagenase solution 
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Figure 12:  
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Figure 13: Histology slides from distal nerve sites in each of the 11 treatment groups. Note the 
almost complete absence of axons in the no repair group. Nerves in all remaining groups successfully 
regenerated axons distal to the isograft. As shown in Table 3, fiber and axon size in the xHAM+PTB 
group were significantly greater than standard repair and other treatment groups.    
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SIS+Suture SIS+Fibrin SIS+PTB 
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Figure 14:  A. Findings following sacrifice in standard repair (positive control) group. Note the 
extent of fibrinous adhesions around proximal and distal neurorrhaphy sites (arrows). B. Findings 
following sacrifice in xHAM+PTB group. Note the relative absence of fibrinous adhesions around 
proximal and distal neurorrhaphy sites 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B A 
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Figure 15: Sciatic Function Index for rat acellular nerve allograft secured with conventional 
suture vs. rat acellular nerve allograft secured with xHAM+PTB. No significant differences were 
found between the two groups.    
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Figure 16: Mean gastrocnemius muscle mass retention. No significant difference in muscle mass 
retention existed between rat acellular nerve allograft secured with conventional suture vs. rat 
acellular nerve allograft secured with xHAM+PTB. 
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Figure 17.  C. Findings following sacrifice in ANA +xHAM+PTB group. Note the relative absence 
of fibrinous adhesions around proximal and distal neurorrhaphy sites. Photochemically sealed ANA  
showed remnants of RB stained amnion wraps. D. Findings following sacrifice in ANA/standard 
repair (positive control) group. Note the extent of fibrinous adhesions around proximal and distal 
neurorrhaphy sites (arrows).  
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INTRODUCTION 

Outcomes following peripheral nerve repair remain frustratingly poor. This is particularly true when 

tissue loss results in large gaps between nerve ends. The gold standard method of reconstruction 

involves autografting and suture fixation. However, even with meticulous tissue handling and 

microsurgical technique, needle trauma and the presence of suture material at the repair site result in 

extra- and intraneural scar tissue formation1. This causes a direct obstacle for regenerating axons and can 

result in external tethering, compression and traction neuritis. These effects are amplified in the context 

of nerve grafting when axons must traverse two coaptation sites. Reducing manipulation of injured 

nerve ends and suture burden at the repair site is a logical solution to this problem. 

  

Several sutureless methods of nerve repair have been thoroughly investigated. Fibrin sealants and laser-

assisted techniques represent two of the most extensively studied. Fibrin sealants rely on the 

combination of fibrinogen and thrombin to form a fibrin clot. Although originally designed for 

hemostasis, “off-label” application as an adhesive for peripheral nerve repair dates back to the 1940s2,3. 

Proponents claim that fibrin glue can be rapidly applied, results in less scar tissue formation, and can 

improve outcomes4,5,6,7,8,9. In contrast, others have reported excessive fibrosis, inferior bond strength and 

high rates of dehiscence10,11,12,13. Introduced in the 1980s, laser welding of peripheral nerves has 

generally been performed using carbon dioxide and argon lasers14. A photothermal reaction at the repair 

site creates a bond consisting of a coagulum of denatured protein. Proposed advantages include shorter 

repair times, reduced incidence of inflammation, scarring and neuroma. In one rodent model, laser 

welding was found to be at least as effective as fibrin glue and epineurial suture14,15. However, due to 

thermal damage, poor bond strength and high rates of dehiscence, the technique has not been clinically 

adopted16,17,18,19,20,21. The introduction of biological solder such as fascia or bovine albumin promised to 

enhance bond strength and limit thermal damage but interest in its potential has largely been abandoned.  
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Photochemical tissue bonding (PTB) differs from laser welding as it uses visible light to create covalent 

bonds between proteins of opposed tissues that have been pre-stained with a non-toxic, photoactive dye, 

resulting in a water-tight seal with no thermal damage. Dye photoactivation results in the creation of 

reactive species and subsequent crosslinking between amino acid residues22,23,24,25. The absence of 

collateral thermal damage is a distinct advantage over laser welding. In recent years our group has 

consistently showed that photochemical sealing of neurorrhaphy sites with a human amnion nerve wrap 

(Fig 1.) is a viable alternative to suture and can result in superior functional and histological outcomes in 

comparison with standard suture repair26,27,28,29. These observations are likely due to a reduction in intra- 

and extra-neural scar tissue, the prevention of axonal escape, and the enclosure and prevention of 

leakage of beneficial neuro-regenerative factors. It is also possible that growth promoting and anti-

fibrotic factors within amniotic membrane may contribute to this effect.  

 

As with any biological material, amnion is susceptible to proteolytic degradation. When applied to 

corneal ulcers, untreated amnion degrades within 7 days30. In unpublished work, we observed that, when 

applied to long nerve grafts, photochemically bonded amnion wraps at the distal neurorrhaphy site failed 

prior to the arrival of regenerating axons, resulting in nerve dehiscence. Cross-linking of biomaterials 

reduces enzymatic degradation and can be readily applied to collagen matrix of amnion. Chemicals such 

as glutaraldehyde and physical methods such as gamma and electron beam irradiation are common 

crosslinking methods but are limited in this application by toxicity issues and inconsistent cross-linking 

density respectively31,32,33,34,35. The water soluble carbodiimide 1-ethyl-3-(3-dimethylamionopropyl) 

carbodiimide hydrochloride (EDC) is an alternative non-toxic agent resulting in carboxyl-to-amine 

cross-linking between proteins. Often used in combination with N-hydroxysuccinimide (NHS), EDC has 

been successfully used to improve biomechanical strength and resistance to degradation of several 

collagen-based biomaterials, including amnion36,37,38,39,40.  
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The mechanism of chemical crosslinking is distinct from that of photocrosslinking and we hypothesized 

that pre-treatment of nerve wraps with EDC/NHS prior to PTB should result in a stronger, more durable 

nerve wrap that retains the ability to undergo photochemical bonding. Recent ex vivo work assessing the 

biomechanical properties of human amnion and a commercially available SIS material has confirmed 

this hypothesis and has demonstrated that 4mM EDC/1mM NHS represents the optimum crosslinker 

concentration to achieve these goals (manuscript in preparation). By applying various different methods 

of fixation (suture, fibrin glue, PTB) to these nerve wraps, this study has conducted a comprehensive 

and clinically applicable in vivo assessment of the optimal repair strategy following large gap injury.  

 

METHODS 

Human amnion (HAM) harvest and processing 

Nerve wrap biomaterials 

Human amniotic membrane was obtained from elective caesarean section patients who had been 

screened serologically for human immunodeficiency virus-1/2, Hepatitis B, Hepatitis C, human T-cell 

lymphotrophic virus, syphilis, cytomegalovirus, and tuberculosis. Following delivery, amnion was 

bluntly removed from the placenta and washed liberally with phosphate buffered saline (PBS; Sigma-

Aldrich, Co., St Louis, Mo). Membranes were mechanically de-epithelialized using a cell scraper, cut 

into strips, wrapped around nitrocellulose paper and placed in a storage solution containing a 1:1 mix of 

100% sterile glycerol and Dulbeccos modified Eagles medium (DMEM; Gibco, Grand Island, NY), 

penicillin-streptomycin-neomycin (PSN; Gibco, Grand Island, NY) and amphotericin B. HAM was 

stored at -80°C until required. Following thawing, HAM was mounted onto nitrocellulose paper before 

being dried and cut into 1cm x 1cm sections.  

Swine intestinal submucosa (SIS) 

Single layer SIS material was obtained from HealthPoint Biotherapeutics Ltd. (Fort Worth, TX). This 

dehydrated material was removed from packaging and cut into 1x1cm sections prior to use.  

Nerve wrap crosslinking  
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Crosslinking solution was made by adding EDC/NHS (Sigma-Aldrich, Co., St Louis, Mo) to 2-(N-

morpholino)ethanesulfonic (MES) acid buffer (Sigma-Aldrich, Co., St Louis, Mo). Nerve wraps were 

immersed in EDC/NHS for 1-hour on a platform shaker. Based on ex vivo experiments, optimal 

crosslinker concentration was 4mM EDC/1mM NHS.  

 

The Institutional Animal Care and Use Committee (IACUC) at the Massachusetts General Hospital 

approved all procedures. One hundred and ten male, inbred Lewis rats weighing 250-300g were 

randomized to one of eleven experimental groups. This breed was selected in order to permit 

immunotolerant isograft exchange between rodents for nerve gap reconstruction. Induction and 

maintenance anesthesia was achieved using isoflurane (Baxter Healthcare Corp. Deerfield IL; 5% 

induction/2-3% maintenance). A dorsolateral, muscle-splitting incision was made on the left hindquarter 

of each animal and, under the operating microscope, 1.5cm sections of nerve were excised and 

exchanged between two simultaneously anesthetized animals. Two groups (n=10) served as positive (6-

epineurial sutures) and negative (no repair) controls. The remaining nine groups (n=10) had nerves 

reconstructed using different combinations of the three different nerve wraps and three different fixation 

methods (Table 1; Fig.2). Wounds were closed in three layers with 4.0 vicryl (muscle and deep dermal) 

and 4.0 monocryl (subcuticular). Topical antibacterial ointment and bitter apple were applied liberally to 

wounds. Rodents were housed in the Massachusetts General Hospital small animal facility and had 

access to food and water as required. 

Sciatic nerve injury and reconstruction 

 

Group 1: Negative control (n=10) 

Following the creation of nerve defects, a small incision was made in adjacent muscle. Proximal nerve 

ends were sutured into muscle pockets using two 10.0 Ethilon sutures (Ethicon, Sommerville, NJ). 

Distal nerve ends were left free.  

Group 2: Positive control (n=10) 
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Following nerve exchange, grafts were secured with six 10.0 epineurial sutures at each neurorrhaphy 

site. Following repair, any axons protruding from the repair site were trimmed.   

Suture fixation (n=10) – groups 3, 4, 5 

On the morning of surgery, candidate nerve wraps were prepared as described above. Following nerve 

graft exchange, each graft was secured into the defect using two 10.0 nylon sutures at each end. Nerve 

wraps were rehydrated for 60 seconds in PBS before being transferred into the surgical field. Once 

applied circumferentially at each repair site, wraps were secured with one proximal and one distal 10.0 

suture. Great care was taken to include only the wrap and the underlying epineurium in each bite.      

 

Fibrin glue fixation (n=10) – groups 6, 7, 8 

Wraps were prepared and nerve grafts tacked into place as described above. Following wrap application, 

Tisseel fibrin glue (Baxter Healthcare Corp. Deerfield IL) was applied to each nerve wrap interface, 

ensuring that the entire wrap was covered in glue. 

 

PTB fixation (n=10) – groups 9, 10, 11 

Wraps were prepared and nerve grafts tacked into place as described above. Prior to transfer into the 

surgical field, wraps and neurorrhaphy sites were stained with 0.1% (w/v) Rose Bengal (RB) (Sigma-

Aldrich, Co., St Louis, Mo) for 60 seconds. After 60 seconds, excess dye was removed. RB-stained 

wraps were wrapped circumferentially around sciatic nerves ensuring that a minimum of 5mm overlap 

existed. The area of overlap was irradiated for 60-seconds using a 532nm KTP laser (Laserscope, San 

Jose, Ca) at an irradiance of 0.5W/cm2. The nerve/wrap was then rotated 180° in order to irradiate the 

back wall in the same manner for an additional 60-seconds (Fig 1).  

 

Walking track analysis  

Outcome assessment 
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Walking track analysis was performed immediately prior to surgery for baseline sciatic function index 

(SFI). Following surgery, walking track analysis was performed at 30-day intervals. After dipping both 

hind paws in water soluble ink, rats were encouraged to walk up a 10 x 60 cm, partially enclosed ramp 

lined with white paper and set at an incline of 30° to horizontal. Measurements of print length, toe 

spread and intermediary toe spread were measured from the resulting prints using digital calipers. Mean 

values from three normal and experimental prints were entered into the SFI formula described by Bain 

and colleagues41.  

Muscle weight retention  

All rodents were sacrificed 150-days post-operatively by carbon dioxide inhalation. Left and right 

gastrocnemius muscles were harvested. Wet weights were recorded immediately and percentage muscle 

mass retention calculated.      

Histology and histomorphometric analysis 

Following sacrifice, nerves were harvested 5mm proximal and distal to the graft and immediately fixed 

in a mixture of 2% glutaraldehyde/2% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA). 

After 48 hours, fixed nerves were washed in sodium cacodylate buffer (0.1M; pH=7.4) and post-fixed in 

2% osmium tetroxide (Electron Microscopy Sciences, Hatfield, PA) for 2 hours. Following further 

washing in sodium cacodylate buffer, specimens were dehydrated in increasing concentrations of 

ethanol (25%, 50%, 75%, 95%, 100%). Following dehydration, all specimens were washed with 

propylene oxide (Electron Microscopy Sciences, Hatfield, PA). Specimens were then placed in 

increasing concentrations of Epoxy resin (DDSA (dodecyl succinic anyhydrides 98+%; Free Acid 

2%)/tEPON-812 (Epoxy Resin)/NMA Ultrapure (methyl-5-norbornene-2,3-dicarboxylic 

anhydride)/DMP-30 (2,4,6-tri (dimethylaminomethyl) phenol (Tousimis Research Corporation, 

Rockville, MD) before being baked overnight in an oven at 60°C. Using a diamond blade, 1µm sections 

were cut 5mm proximal and 5mm distal to the graft.  
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Histology slides were scanned using a Hamamatsu NanoZoomer 2.0-HT slide scanner (Meyer 

Instruments, Houston TX) and read using NDP.com software (Hamamatsu Corp. Bridgewater, NJ). 

Nerve area was calculated at 40x magnification. From these images, five 400x images were randomly 

selected and imported into Adobe Photoshop. Axon counts were measured and from fifty randomly 

(randomizer.org) selected fibers (250 nerve fibers per location), fiber diameter, axon diameter, myelin 

thickness and G-ratio were calculated.  

Statistical analysis 

Statistical analysis was performed using KaleidaGraph for Windows v4.1 (Synergy Software, Reading, 

PA). Testing between experimental groups was achieved using analysis of variance (ANOVA) and the 

post-hoc Bonferroni test.  Statistical significance was set at <0.05.  

 

RESULTS 

Gross observations 

Sciatic nerve graft reconstruction  

Following sacrifice, two rodents from the xSIS+PTB group were found to have dehisced repairs. All 

other nerve repairs were intact. Crosslinked amnion and SIS nerve wraps that had been stained with RB, 

although not fully intact, were identifiable (Fig. 3C). No evidence of untreated nerve wraps could be 

found in any of the fixation groups. Although not quantitatively assessed, those nerves repaired 

photochemically were found to have considerably less extraneural scar tissue formation in comparison 

to standard graft+suture (Fig. 3A-3C).  

Sciatic function Index 

All repairs experienced some degree of functional recovery. After 5-months follow-up, nerves repaired 

with xHAM+PTB showed greatest functional recovery although this was not statistically significant in 

comparison to graft+suture (-67.9+/-5.1 vs -71.7+/-4.8; Table 2, Fig. 4). SIS+suture and SIS+PTB 

groups experienced significantly poorer functional recovery in comparison to positive controls (-80.3+/-
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3.2 and -85.0+/-6.0 vs -71.7+/-4.8 respectively; p<0.01). There were no other significant differences 

between any of the remaining groups and positive controls.  

Gastrocnemius muscle mass retention 

Nerves repaired with xHAM+PTB experienced a statistically significant improvement in muscle mass 

retention compared with graft+suture (67.3%+/-4.4 vs 60.0%+/-5.2; p=0.02). There were no other 

significant differences between remaining treatment groups and graft+suture controls (Table 3, Fig. 5). 

Although not statistically significant, those wraps secured with fibrin glue and PTB displayed a trend 

towards superior recovery in comparison to suture fixation.    

Histomorphometry 

All distal nerve sections were populated with axons (Fig. 6). As expected, axon counts in the no repair 

group were significantly lower than all other repair groups. Distal axon counts in the remaining 

treatment groups did not differ significantly in comparison to graft+suture (Table 4). However, nerve 

fiber diameter, axon diameter and myelin thickness were all significantly increased in the xHAM+PTB 

group in comparison to graft+suture repair (Table 4).   

  

DISCUSSION 

  

This study shows that photochemical sealing of nerve graft coaptation sites using crosslinked human 

amnion results in statistically significant improvements in muscle mass retention and histomorphometric 

outcomes compared with standard graft+suture. With the exception of xSIS, all crosslinked nerve wraps 

displayed a trend towards greater functional and histological recovery. Although in vivo nerve wrap 

degradation was not formally assessed throughout the regenerative period, there was visible evidence of 

persisting crosslinked RB-stained wraps following sacrifice (Fig. 3C). In contrast, untreated wraps were 

completely degraded (Fig. 3B). Improved wrap durability may maintain a protective seal at nerve graft 

coaptation sites for longer, preventing wrap and bond degradation and subsequent dehiscence prior to 

the arrival of regenerating axons. Partial degradation of crosslinked material did occur. Although EDC 
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successfully protects against collagenase degradation, it may be unable to offer protection against other 

proteolytic enzymes.  

Fixation methods associated with reduced suture burden (fibrin glue and PTB) also trended towards 

greater functional and histomorphometric recovery. These observations are consistent with widely 

accepted tenets regarding the detrimental, pro-inflammatory effect of suture. Outcomes following 

photochemical sealing surpassed those achieved using fibrin glue and only those nerves repaired with 

photochemically-sealed crosslinked amnion resulted in statistically significant improvements in muscle 

mass retention and histomorphometry in comparison to standard graft+suture. This suggests that the 

effects of reduced suture burden and photochemical sealing are additive. Substantial volumes of 

axoplasmic fluid, rich in neuroregenerative factors, are released from nerve stumps following 

injury45,46,47. The containment of this fluid at the site of repair by water-tight sealing may explain these 

observations. The lack of significant improvement in those repairs photochemically sealed with 

untreated amnion supports the claim that water-tight sealing of nerve grafts in large deficit injuries is 

only efficacious if amnion can resist proteolytic degradation over extended periods of recovery. 

 

As a stand-alone technique, it is generally accepted that fibrin glue provides insufficient bond strength to 

hold nerve ends in close apposition. Indeed, most favorable outcomes have been reported when fibrin 

glue is used to augment suture repair4,5,6,7,8,9. Fibrin bonds have also been shown to degrade within three 

weeks44. As a result, the suitability of fibrin glue for wrap fixation was questionable. In spite of these 

concerns, no dehiscence occurred in this group and recovery was comparable to standard graft+suture. 

This verifies that fibrin glue, in combination with epineurial tacking sutures, provides sufficient support 

and is a viable alternative for repair.  

 

Those nerves repaired photochemically had considerably less extraneural adhesions in comparison to 

standard graft+suture (Fig. 3A-3C), a finding consistent with previous studies27. The scar-reducing 

properties of this technique may be related, not only to reduced suture burden, but also to an inhibitory 
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photochemical effect on tissue fibroblasts and also to the widely documented anti-fibrotic effects of 

transplanted amniotic membrane42,43. 

 

Two cases of nerve dehiscence occurred in the xSIS+PTB group. Despite superior mechanical strength 

and durability, in vivo use of SIS was problematic. Single layer SIS is considerably thicker than amniotic 

membrane (100µm vs. 20-50µm). This impaired circumferential wrapping and adherence to the 

epineurium of the small diameter rodent sciatic nerve. As a result, photochemical bonding was sub-

optimal and visibly not water-tight. Although ineffective for very small nerves, we are optimistic that 

this material may still be suitable for larger caliber nerves. 

 

The limitations of current functional and histological outcome assessment for peripheral nerve research 

in rodent models have been well reported48, 49, 50, 51 . Several additional limitations are inherent to our 

animal model. During suture fixation of nerve wraps, it was difficult to ensure that underlying axons 

were not included within the suture bite. This was particularly relevant when attempting fixation of 

relatively thick SIS. Inadequate fixation due to excessively superficial bites and inadvertent axonal 

strangulation due to excessively deep bites may have compromised recovery in these groups.  

 

Photochemical bonding required clear access 5mm proximal and distal to the coaptation site. As a result, 

the maximum achievable nerve gap before sciatic trifurcation was 1.5-2cm. The limited “large” gap, 

coupled with the large regenerative capacity of rodents may have interfered with the detection of 

differences between treatment groups.  

 

We exchanged isografts between two simultaneously anaesthetized rodents. Slight discrepancies in 

nerve graft length made tensionless repair impossible. The insertion of two tacking sutures at each 

coaptation site was necessary to permit photochemical sealing. As a result, we were unable to achieve 

truly “sutureless” repairs. However, in the clinical arena, nerve autografts and allografts can be 
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oversized to eliminate tension and obviate this requirement for sutures. Whilst tacking sutures may still 

be necessary for group fascicular repair and cable grafting, subsequent wrapping of the entire gap and 

photochemical sealing of coaptation sites still offers the benefit of water-tight sealing and containment 

of neurotrophic-rich fluid. 

 

CONCLUSIONS 

Photochemical sealing of nerve graft coaptation sites using crosslinked human amnion nerve wraps 

results in a statistically significant improvement in muscle mass retention and nerve histomorphometry 

in comparison to conventional graft+suture. This observation is likely related to the creation of a water 

tight seal at nerve graft coaptation sites, the improved longevity of this seal as a result of nerve wrap 

crosslinking, and a reduction in inflammation and scar tissue formation secondary to reduced suture 

burden and exposure to low power laser. Although unsuitable for small caliber nerves, we are optimistic 

that SIS may represent a viable, commercially available nerve wrap that may facilitate the rapid clinical 

translation of photochemical sealing of larger caliber nerves.  
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FIGURE LEGENDS 

 
Figure 1. Technique of nerve repair using PTB. Divided nerve ends brought into close apposition. If 

retraction of nerve ends prevents this, two epineurial tacking sutures may be placed 180° apart to 

facilitate apposition. Nerve ends and nerve wrap stained with Rose Bengal for 60 seconds. Nerve wrap is 

wrapped circumferentially around nerve ends and is illuminated with 532nm laser for 60 seconds. Nerve 

is rotated 180° and back wall illuminated for further 60 seconds.     

 

Figure 2. Methods of nerve repair for control and experimental groups. Positive controls had nerves 

repaired using isografts secured with standard epineurial suture. Negative controls had 15mm sections of 

nerve excised and no repair. Proximal nerve ends were buried into adjacent muscle and secured with 

2x10.0 nylon suture. Nine experimental groups were composed of different combinations of the three 

different nerve wraps and three different fixation methods illustrated. 

 

Figure 3. Gross observations following sacrifice. (A) Graft+suture (B) HAM+PTB (C) xHAM+PTB. 

Crosslinked nerve wraps (xHAM+PTB) were still identifiable after 5-months, as evidence by the pink 

staining from Rose Bengal (C). In contrast, no evidence of non-crosslinked wraps, that had also been 

stained with Rose Bengal (HAM+PTB), could be found (B). Although not formally assessed, those 

nerves repaired photochemically developed considerably less scar tissue formation in comparison to 

those repairs performed using standard epineurial suture (B and C vs. A).     

 

Figure 4. SFI for select groups. Those nerve repaired using xHAM+PTB recovered greatest SFI 

although this was not statistically significant compared with standard graft+suture (67.9+/-5.1 vs -

71.7+/-4.8). Photochemical repairs using un-crosslinked amnion (HAM+PTB) performed less well than 



70 

xHAM+PTB and standard graft+suture although this was not statistically significant (see table 2). 

xSIS+PTB performed least well out of all treatment groups.  

 

Figure 5. Gastrocnemius Muscle Mass Retention. Those nerves repaired using xHAM+PTB 

recovered greatest gastrocnemius muscle mass and this was statistically significant in comparison to 

graft+suture (67.3+/-4.4 vs 60.0+/-5.2; p=0.02). Photochemical sealing of amnion wraps tended to out-

perform fibrin and suture fixation. This trend was not observed with xSIS, which performed least well 

out of all treatment groups.  

 

Figure 6. Histology slides from distal section site. Those nerves that were not repaired lacked axons. 

All treatment groups regenerated axons distal to isografts with the exception of those nerves that 

dehisced in the xSIS+PTB group. Axons in the xHAM+PTB group had statistically larger fiber 

diameter, axon diameter and myelin thickness in comparison to graft+suture (see table 4).  
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Tables 

Table 1. Experimental groups. Nine treatment groups composed of different combinations of 3 different nerve wraps and 

three different fixation methods. Two control groups consisted of no repair (negative control) and nerve graft and standard 

epineurial suture (positive control)  

 

 
  Nerve wrap material  

 HAM xHAM xSIS 

Suture Group 3 

(HAM+suture) 

Group 4 

(xHAM+suture) 

Group 5 

(xSIS+suture) 

Fibrin glue Group 6 

(HAM+Fibrin) 

Group 7 

(xHAM+Fibrin) 

Group 8 

(xSIS+Fibrin) 

PTB Group 9 

(HAM+PTB) 

Group 10 

(xHAM+PTB) 

Group 11 

(xSIS+PTB) 
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Table 2. Monthly mean SFIs. After 5-months follow-up, those nerves repaired with photochemically sealed crosslinked 

amnion (xHAM+PTB) recovered greatest SFI, although this was not statistically significant. No repairs and those nerves 

repaired using xSIS+suture and xSIS+PTB performed statistically worse than graft+suture.  

 
 
 
 

Experimental 

group 

Mean SFI 

1-month 2-month 3-month 4-month 5-month 

No Repair -89.0+/-3.9 -94.2+/-4.7* -89.8+/-5.1* -89.3+/-4.8* -96.2+/-3.7* 

Standard  

Graft + Suture 

-87.6+/-5.0 -81.1+/-4.5 -71.8+/-7.3 -74.7+/-6.3 -71.7+/-4.8 

HAM+suture -90.3+/-5.2 -85.7+/-9.8 -80.6+/-3.5* -79.7+/-5.7 -77.9+/-6.3 

HAM+fibrin -89.2+/-4.0 -81.6+/-4.1 -80.4+/-7.2* -79.4+/-4.3 -75.2+/-4.6 

HAM+PTB -90.0+/-5.2 -81.2+/-2.4 -72.8+/-4.6 -75.6+/-3.3 -74.5+/-4.5 

xHAM+suture -96.6+/-7.5 -82.4+/-4.8 -80.0+/-4.0* -81.4+/-4.8 -76.8+/-2.7 

xHAM+fibrin -90.9+/-3.2 -84.1+/-3.6 -79.8+/-3.3* -81.2+/-3.1 -75.0+/-4.0 

xHAM+PTB -88.2+/-3.9 -80.3+/-3.5 -67.2+/-3.3 -71.6+/-5.5 -67.9+/-5.1 

xSIS+suture -94.7+/-3.9 -85.6+/-4.4 -82.5+/-4.4* -81.4+/-4.4 -80.3+/-3.2* 

xSIS+fibrin -93.2+/-4.6 -84.7+/-4.9 -82.0+/-3.7* -81.5+/-3.9 -78.8+/-3.9 

xSIS+PTB -92.5+/-2.0 -84.7+/-5.0 -84.3+/-4.6* -85.3+/-6.3* -85.0+/-6.0* 

*Statistically significantly worse in comparison to standard graft+suture; p<0.05 
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Table 3. Left gastrocnemius muscle mass retention. Those nerves repaired using xHAM+PTB recovered greatest 

gastrocnemius muscle mass retention. This result was statistically significant. Those nerves repaired using xSIS+suture and 

xSIS+PTB recovered least gastrocnemius muscle mass.  

 

 

Experimental group Mean left gastrocnemius 

muscle mass retention (%) 

SD P value* 

No Repair 9.2 0.9 <0.0001 

Standard Graft + Suture 60.0 5.2 1 

HAM+suture 56.0 5.6 1 

HAM+fibrin 59.8 5.4 1 

HAM+PTB 62.5 4.0 1 

xHAM+suture 57.7 5.1 1 

xHAM+fibrin 62.7 4.3 1 

xHAM+PTB 67.3* 4.4 0.02 

xSIS+suture 54.9 4.5 0.68 

xSIS+fibrin 58.5 5.4 1 

xSIS+PTB 54.1 3.2 0.37 

*Statistically significant improvement in comparison to standard graft+suture; p<0.05 
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Table 4: Histomorphometric analysis of distal nerve sections. Axon number did not differ significantly between treatment 

groups. Fiber diameter, axon diameter and myelin thickness were all significantly greater in those nerves repaired using 

xHAM+PTB in comparison to graft+suture.   

 
 
 

Histomorphometric parameters 5mm distal to distal isograft coaptation site (Mean+/-SD) 

Experimental 

Group 

Total axon 

count 

(x0.001) 

Axon Density 

(mm2 x 

0.001) 

Nerve fiber 

diameter (μm) 

Axon 

diameter (μm) 

Myelin 

thickness 

(μm) 

G-ratio 

No repair 0.04+/-0.05 0.48+/-0.49 4.14+/-1.15 3.13+/-1.17 1.01+/-0.48 0.74+/-0.12 

Standard 

Graft+ Suture 

7.61+/-3.42 29.36+/-18.10 5.47+-1.70 3.50+/-1.44 1.96+/-0.47 0.62+/-0.08 

HAM+suture 10.41+/-3.99 28.85+/-18.61 5.07+/-1.58 3.44+/-1.39 1.63+/-0.50 0.67+/-0.17 

HAM+fibrin 10.42+/-1.54 29.95+/-14.00 5.22+/-1.67 3.44+/-1.45 1.78+/-0.45 0.64+/-0.09 

HAM+PTB 9.31+/-4.19 30.70+/-8.94 5.19+/-1.76 3.47+/-1.53 1.72+/-0.41 0.65+/-0.09 

xHAM+suture 9.79+/-3.35 27.12+/-9.22 5.14+/-1.66 3.54+/-1.47 1.59+/-0.36 0.67+/-0.08 

xHAM+fibrin 10.87+/-4.32 32.12+/-20.28 5.24+/-1.68 3.52+/-1.49 1.72+/-0.42 0.65+/-0.09 

xHAM+PTB 9.66+/-3.08 30.73+/-14.73 6.87+/-2.23* 4.51+/-1.83* 2.35+/-0.64* 0.64+/-0.08 

xSIS+suture 9.36+/-2.41 30.30+/-16.46 4.83+/-1.42 3.31+/-1.29 1.52+/-0.38 0.67+/-0.08 

xSIS+fibrin 6.91+/-2.62 31.55+/-13.37 5.18+/-1.50 3.58+/-1.30 1.59+/-0.52 0.68+/-0.11 

xSIS+PTB 7.84+/-2.04 30.06+/-13.38 4.81+/-1.49 3.35+/-1.33 1.45+/-0.34 0.68+/-0.08 

*Statistically significant improvement in comparison to standard graft+suture; p<0.05 

 



75 

 Figure 1. Technique of nerve repair using PTB. Divided nerve ends brought into close apposition. If 

retraction of nerve ends prevents this, two epineurial tacking sutures may be placed 180° apart to 

facilitate apposition. Nerve ends and nerve wrap stained with Rose Bengal for 60 seconds. Nerve wrap is 

wrapped circumferentially around nerve ends and is illuminated with 532nm laser for 60 seconds. Nerve 

is rotated 180° and back wall illuminated for further 60 seconds.     
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Figure 2. Methods of nerve repair for control and experimental groups. Positive controls had nerves 

repaired using isografts secured with standard epineurial suture. Negative controls had 15mm sections of 

nerve excised and no repair. Proximal nerve ends were buried into adjacent muscle and secured with 

2x10.0 nylon suture. Nine experimental groups were composed of different combinations of the three 

different nerve wraps and three different fixation methods illustrated. 
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Figure 3. Gross observations following sacrifice. (A) Graft+suture (B) HAM+PTB (C) xHAM+PTB. 

Crosslinked nerve wraps (xHAM+PTB) were still identifiable after 5-months, as evidence by the pink 

staining from Rose Bengal (C). In contrast, no evidence of non-crosslinked wraps, that had also been 

stained with Rose Bengal (HAM+PTB), could be found (B). Although not formally assessed, those 

nerves repaired photochemically developed considerably less scar tissue formation in comparison to 

those repairs performed using standard epineurial suture (B and C vs. A).     
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Figure 4. SFI for select groups. Those nerve repaired using xHAM+PTB recovered greatest SFI 

although this was not statistically significant compared with standard graft+suture (67.9+/-5.1 vs -

71.7+/-4.8). Photochemical repairs using un-crosslinked amnion (HAM+PTB) performed less well than 

xHAM+PTB and standard graft+suture although this was not statistically significant (see table 2). 

xSIS+PTB performed least well out of all treatment groups.  

 

 
 
  



79 

Figure 5. Gastrocnemius Muscle Mass Retention. Those nerves repaired using xHAM+PTB 

recovered greatest gastrocnemius muscle mass and this was statistically significant in comparison to 

graft+suture (67.3+/-4.4 vs 60.0+/-5.2; p=0.02). Photochemical sealing of amnion wraps tended to out-

perform fibrin and suture fixation. This trend was not observed with xSIS, which performed least well 

out of all treatment groups.  
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Figure 6. Histology slides from distal section site. Those nerves that were not repaired lacked axons. 

All treatment groups regenerated axons distal to isografts with the exception of those nerves that 

dehisced in the xSIS+PTB group. Axons in the xHAM+PTB group had statistically larger fiber 

diameter, axon diameter and myelin thickness in comparison to graft+suture (see table 4).  
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INTRODUCTION: 

The current gold standard method of repairing peripheral nerve injuries involving large gaps is the nerve 

autograft. However, the use of autografts necessitates the harvest of an “expendable” donor nerve and is 

associated with prolonged operating time, additional scarring, sensory loss and increased risk of 

neuroma formation. In cases of major trauma associated with substantial tissue loss, the demand for 

autograft may exceed that which can be harvested from the patient. Although rare in civilian practice, 

this scenario has become more frequent in recent years following the return of wounded warfighters 

from Iraq and Afghanistan who have sustained major nerve injury, often in addition to limb amputation. 

In these challenging patients, alternative strategies must be employed for nerve reconstruction.  

 

Excluding nerve and tendon transfers, alternatives to nerve autograft for bridging gaps include conduits 

and nerve allografts. Conduits can be broadly categorized according to their biological or artificial 

composition and whether they are degradable or non-degradable. In the past, autogenous structures such 

as vein, artery and muscle have served as guidance channels but these techniques have equivalent 

limitations to that of autogenous nerve harvest. Alternative biological conduits are typically 

manufactured from components of the ECM such as collagen and fibrin and have theoretical advantages 

over synthetic varieties based on superior cell adhesion and predictable, non-toxic degradation. In spite 

of this, artificial conduits composed of biodegradable polymers and other novel materials have shown 

clinical efficacy and safety. However, the efficacy of inert, hollow conduits is limited to short gaps. 

Textured luminal surfaces, intraluminal fibers and guidance channels and the addition of schwann cells, 

neurotrophic factors and stem cells have attempted to improve efficacy but, despite increasingly 

elaborate strategies, outcomes are currently unable to match the nerve autograft.   

Nerve allografts provide the most accurate representation of intraneural architecture and axonal 

guidance. Initially, allografts were fresh and cellularized, requiring immunosuppression to overcome 

rejection and preserve donor schwann cell viability over the course of recovery. Early experiments in 

immunosuppressed rodents and non-human primates produced outcomes that were comparable to 



83 

autograft(1-6). These observations were partly related to the pro-regenerative effect of 

immunosuppressant therapy. However, due to the risk of infective and neoplastic disease, this approach 

has been disfavored and has driven the development of decellularization protocols and the use of 

acellular nerve allograft (ANA). Initial attempts at decellularization involved thermal and chemical 

processing and, although technically successful, produced poor regenerative outcomes as a result of 

inadequate preservation of extracellular matrix (ECM) components and insufficient removal of cellular 

debris (7, 8). In 2004, Hudson et al described an optimized detergent-based protocol that resulted in 

superior histological outcomes in comparison to those previously described methods (9, 10). In 2007, 

human ANA (Avance, AxoGen Inc), processed by a modified detergent-based method, was approved 

for clinical use (11).   

 

Although obviating the requirement and risks of immunosuppression, decellularization removes 

schwann cells (SCs) and other pro-regenerative components. The detrimental impact this has on the 

extent and rate of regeneration in comparison to conventional autograft has been consistently 

demonstrated in animal models of large gap injury (7, 12). This long-standing impasse has prevented 

widespread clinical acceptance of ANA. Leaders in the field reserve ANA for small diameter, non-

critical sensory nerve defects of less than 4cm, for restoring autograft donor site sensation, for nerve 

supercharging and for end-to-side nerve transfers in the hand. The use of ANA for the reconstruction of 

motor nerves, large diameter nerves, critical sensory nerves and sensory nerves greater than 4cm in 

length has been discouraged(13).  

 

This practice has been based on the scarcity of good quality clinical evidence and the fact that this 

evidence is often compounded by small sample sizes, the inclusion of sensory nerves only, small nerve 

gaps and the lack of autograft control groups (14-16). However, in 2012, Brooks et al published results 

from the first comprehensive multi-centre trial and showed that Avance was safe and resulted in 

meaningful recovery in 87% of those cases recording quantitative outcomes (11).  Cho et al have also 
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reported on results from the RANGER study and conclude that, for gaps between 5-50mm, ANAs can 

produce motor and sensory outcomes that are comparable to autograft and superior to hollow conduits 

(17). 

 

Broadening the clinical application of ANAs and ultimately supplanting autograft provides strong 

impetus to improve regeneration through ANAs. Recent efforts have focused on the supplementation of 

ANA with neurotrophic factors, SCs and stem cells. Although conceptually exciting, preclinical 

experience has, up to now, been disappointing. Although a tissue engineered or cell-based solution is far 

from being realized, addressing the technical limitations of suture coaptation may offer a more simplistic 

and rapidly translatable solution.  

 

The use of suture for neurorrhaphy has several well-known limitations. Suture material is inflammatory, 

results in fibrosis and ultimately leads to intra and extra-neural scar tissue formation. Scar tissue not 

only presents a direct obstacle to regenerating axons but can also lead to tethering and external 

compression, all of which can compromise outcome following injury. Even under high magnification 

and with meticulous surgical technique, coaptation sites are imperfect. Leakage of growth promoting 

factors and mis-guided axons into adjacent tissues further compromises outcome and likely contributes 

to neuroma formation. These effects are exacerbated in the context of gap injury and nerve grafting 

when axons must traverse two coaptation sites.  

 

Sutureless repair can be achieved by a novel light-activated technique known as photochemical tissue 

bonding (PTB). Opposed nerve ends are wrapped circumferentially with human amnion that has been 

stained with a non-toxic, photoactive dye. Illumination of the nerve-wrap interface with a visible light 

source results in dye photoactivation, the formation of reactive species, subsequent crosslinking between 

amino acid residues and the creation of non-thermal, water-tight bonds(18-21). In rodent models of simple 

end-to-end repair, this technique produced superior functional and histological outcomes in comparison 
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to conventional suture repair(22-25). These observations are likely due to a reduction in intra- and extra-

neural scar tissue, the prevention of axonal escape, and the enclosure and prevention of leakage of 

beneficial neuro-regenerative factors. Subsequent application of this technique in a rabbit model of large 

gap injury led to high rates of dehiscence, believed to be due to proteolytic degradation of amnion wraps 

and light-activated bonds during long periods of recovery and prior to the arrival of regenerating axons 

(unpublished work). Chemical crosslinking of amnion prior to light-activated sealing improves ex-vivo 

and in vivo nerve wrap durability. Crosslinked amnion and light-activated bonds were preserved for at 

least 5-months following repair and translated into superior muscle weight retention and 

histomorphometric outcomes in comparison to conventional graft and epineurial suture (manuscript 

submitted for publication). It is the aim of this study to test the efficacy of this strategy when used in 

conjunction with ANA. Our overarching goal is to optimize regeneration through ANAs and therefore 

improve recovery following large gap nerve injury, particularly those injuries complicated by severe 

multi-limb injury and amputation.  

 

METHODS: 

Allograft preparation 

Sprague Dawley rats provided donor sciatic nerves. Following harvest, nerves were placed in PBS and 

stored at -80°C before being shipped to AxoGen Laboratories for decellularization. Once processed, 

nerves were returned and stored at -80°C until the day of surgery.  

 

Human amnion (HAM) harvest and processing 

Amniotic membrane was obtained from elective caesarean section patients who had been screened 

serologically for human immunodeficiency virus-1/2, Hepatitis B, Hepatitis C, human T-cell 

lymphotrophic virus, syphilis, cytomegalovirus, and tuberculosis. Following delivery, amnion was 

bluntly removed from the placenta and washed liberally with phosphate buffered saline (PBS; Sigma-

Aldrich, Co., St Louis, Mo). Membranes were mechanically de-epithelialized using a cell scraper, cut 
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into strips, wrapped around nitrocellulose paper and placed in a storage solution containing a 1:1 mix of 

100% sterile glycerol and Dulbeccos modified Eagles medium (DMEM; Gibco, Grand Island, NY), 

penicillin-streptomycin-neomycin (PSN; Gibco, Grand Island, NY) and amphotericin B. HAM was 

stored at -80°C until required. Following thawing, HAM was mounted onto nitrocellulose paper before 

being dried and cut into 1cm x 1cm sections.  

 

Nerve wrap crosslinking  

Crosslinking solution was made by adding EDC/NHS (Sigma-Aldrich, Co., St Louis, Mo) to 2-(N-

morpholino)ethanesulfonic (MES) acid buffer (Sigma-Aldrich, Co., St Louis, Mo). Nerve wraps were 

immersed in EDC/NHS for 1-hour on a platform shaker. Based on ex vivo experiments, optimal 

crosslinker concentration was 4mM EDC/1mM NHS (manuscript in progress).  

 

Sciatic nerve injury and reconstruction 

The Institutional Animal Care and Use Committee (IACUC) at the Massachusetts General Hospital 

approved all procedures. Twenty male inbred Lewis rats weighing 250-300g were randomized into two 

groups. In 1 group (n=10), nerve gaps were repaired using allografts secured with conventional 

epineurial suture. In the remaining group (n=10), nerves were repaired using allografts secured with 

photochemically sealed xHAM. Induction and maintenance anesthesia was achieved using isoflurane 

(Baxter Healthcare Corp. Deerfield IL; 5% induction/2-3% maintenance). A dorsolateral, muscle-

splitting incision was made on the left hindquarter of each animal and, under the operating microscope, 

15mm sections of sciatic nerve were excised and repaired by one of the following techniques. Wounds 

were closed in three layers with 4.0 vicryl (muscle and deep dermal) and 4.0 monocryl (subcuticular). 

Topical antibacterial ointment was applied liberally to wounds and the foot sprayed with bitter apple to 

discourage automutilation. Rodents were housed in the Massachusetts General Hospital small animal 

facility and had access to food and water as required. 
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Group 1- ANA+epineurial suture 

Prior to anesthesia, allografts were thawed in a 37°C water bath. Following the excision of 15mm of 

sciatic nerve, allografts were placed into the field and cut to length, ensuring that no tension existed at 

either coaptation site. Grafts were secured with six 10.0 epineurial sutures at each site. Following repair, 

any protruding axons were trimmed and allowed to retract inside the repair (Fig 1).   

 

Group 2 - ANA+PTB 

Crosslinked amnion and nerve allografts were prepared as described above. Nerve grafts were tacked 

into place using two 10.0 epineurial sutures at each coaptation site. Prior to transfer into the surgical 

field, wraps and coaptation sites were stained with 0.1% Rose Bengal ((RB); Sigma-Aldrich, Co., St 

Louis, Mo) for 60 seconds. After 60 seconds, excess dye was removed. RB-stained wraps were wrapped 

circumferentially around sciatic nerves, creating a 5mm overlap either side of the coaptation. The area of 

overlap was irradiated for 60-seconds using a 532nm KTP laser (Laserscope, San Jose, Ca) at an 

irradiance of 0.5W/cm2. The nerve/wrap was then rotated 180° in order to irradiate the back wall in the 

same manner for an additional 60-seconds (Fig 1).  

 

Outcome assessment 

Walking track analysis and calculation of sciatic function index  

Walking track analysis was performed immediately prior to surgery for baseline sciatic function index 

(SFI). Following surgery, walking track analysis was performed at 30-day intervals. After dipping both 

hind paws in water soluble ink, rats were encouraged to walk up a 10 x 60 cm, partially enclosed ramp 

lined with white paper and set at an incline of 30° to horizontal. Measurements of print length, toe 

spread and intermediary toe spread were measured from the resulting prints using digital calipers. Mean 

values from three normal and experimental prints were entered into the SFI formula described by Bain 

and colleagues(26).  

Gastrocnemius muscle mass retention  
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All rodents were sacrificed 150-days post-operatively by carbon dioxide inhalation. Left and right 

gastrocnemius muscles were harvested. Wet weights were recorded immediately and percentage muscle 

mass retention calculated.  

Nerve histomorphometry 

Following sacrifice, nerves were harvested 5mm proximal and distal to the graft and immediately fixed 

in a mixture of 2% glutaraldehyde/2% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA). 

After 48 hours, fixed nerves were washed in sodium cacodylate buffer (0.1M; pH=7.4) and post-fixed in 

2% osmium tetroxide (Electron Microscopy Sciences, Hatfield, PA) for 2 hours. Following further 

washing in sodium cacodlyate buffer, specimens were dehydrated in increasing concentrations of 

ethanol (25%, 50%, 75%, 95%, 100%). Following dehydration, all specimens were washed with 

propylene oxide (Electron Microscopy Sciences, Hatfield, PA). Specimens were then placed in 

increasing concentrations of Epoxy resin (DDSA (dodecyl succinic anyhydrides 98+%; Free Acid 

2%)/tEPON-812 (Epoxy Resin)/NMA Ultrapure (methyl-5-norbornene-2,3-dicarboxylic 

anhydride)/DMP-30 (2,4,6-tri (dimethylaminomethyl) phenol (Tousimis Research Corporation, 

Rockville, MD) before being baked overnight in an oven at 60°C. Using a diamond blade, 1µm sections 

were cut 5mm proximal and 5mm distal to the graft. Sections were stained with toluidine blue and were 

mounted and cover-slipped in preparation for histomorphometric analysis.   

 

Histology slides were scanned using a Hamamatsu NanoZoomer 2.0-HT slide scanner (Meyer 

Instruments, Houston TX) and read using NDP.com software (Hamamatsu Corp. Bridgewater, NJ). 

Nerve area was calculated at 40x magnification. From these images, five 400x images were randomly 

selected and imported into Adobe Photoshop. Axon counts were measured and from fifty randomly 

(randomizer.org) selected fibers (250 nerve fibers per location), fiber diameter, axon diameter, myelin 

thickness and G-ratio were calculated.  

 

Comparative analysis of ANA vs Isograft  
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This current work represents phase 2 of a large, three-phase study and builds on the recently successful 

application of photochemically sealed isografts for large gap nerve repair (phase 1 manuscript submitted 

for publication).  Phase 1 isograft experiments used exactly the same animal model as found in this 

current study, with isografts taking the place of ANA. In order to avoid repetition of experimental 

groups and unnecessary animal morbidity, and to extend the clinical relevance of this current study, we 

have elected to include outcomes from two groups of animals from the phase 1 isograft study. One 

group (n=10) consisting of isografts secured with conventional suture (gold standard isograft+suture) 

and the optimal repair group (n=10) consisting of isografts secured with photochemically sealed 

crosslinked amnion wraps (isograft+PTB) are compared to the two ANA groups described above.    

 

Statistical analysis 

Statistical analysis was performed using KaleidaGraph for Windows v4.1 (Synergy Software, Reading, 

PA). Testing between experimental groups was achieved using ANOVA and the post hoc Bonferroni 

test. Statistical significance was set at <0.05.  

 

RESULTS 

Sciatic nerve reconstruction 

Gross observation following sacrifice 

There were no cases of nerve dehiscence in either ANA group and no animals suffered from foot 

ulceration or automutilation. In those nerves repaired photochemically, remnants of the RB-stained 

amnion nerve wraps were evident. As with previous studies, extra-neural scar tissue formation was 

obvious in those nerves repaired using conventional suture and was qualitatively less in photochemically 

bonded nerves (Fig 2). Qualitatively, allografts were of smaller diameter than isografts.  

 

Sciatic function index 



90 

Isograft+PTB from phase 1 recovered greatest SFI after 5-months follow-up (Table 1; Fig 3). This was 

not statistically significant in comparison to isograft+suture. Likewise, photochemically sealed ANA 

showed a non-statistically significant improvement in comparison to sutured ANA (-80.3+/-4.2 vs. -

78.3+/-5.0; Table 1 and 4; Fig 3). ANA+suture performed statistically worse than isograft+suture (-

80.3+/-4.2 vs. -71.7+/-4.8; p=0.0019; Table 1 and 4). SFI was also statistically less for ANA+PTB in 

comparison to isograft+suture and isograft+PTB (Table 1 and 4).  

 

Gastrocnemius muscle mass retention 

Isograft+PTB recovered greatest gastrocnemius muscle mass retention and this was statistically 

significant in comparison to all other groups (Table 2). Although ANA+PTB displayed a trend towards 

greater muscle mass recovery in comparison to ANA+suture, this result was not statistically significant 

(55.2+/-5.5% vs. 52.9+/-4.77%; Table 2, Fig 4). Muscle mass recovery was statistically poorer in 

ANA+suture group in comparison to isograft+suture group. Likewise, recovery of ANA+PTB was 

statistically poorer than isograft+PTB. Muscle mass retention in the ANA+PTB group was statistically 

comparable to that achieved using gold standard isograft+suture. 

 

Nerve Histomorphometry 

Axon counts in the distal nerve stump were significantly greater for isograft+PTB in comparison to 

ANA+suture. No other significant differences in axon counts or axon density existed between treatment 

groups. Isograft+PTB recovered the greatest fiber diameter, axon diameter and myelin thickness and this 

was statistically significant in comparison to all other groups (Table 3 and 4; Fig 5). Histomorphometric 

recovery was poorest in the ANA+suture group and this was statistically significant in comparison to 

isograft+suture and isograft+PTB. Although not statistically significant, fiber diameter, axon diameter 

and myelin thickness in the ANA+PTB group displayed a trend towards greater recovery in comparison 

to ANA+suture. There was no significant difference between ANA+PTB and gold standard 

isograft+suture (Table 3 and 4; Fig 5)   
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DISCUSSION 

This study shows that outcomes following light-activated sealing of ANA are improved in comparison 

to sutured ANA, making them statistically equivalent to gold standard sutured isografts. Although the 

difference between photochemically bonded and sutured ANA was not statistically significant, the trend 

towards improvement is consistent with recent experience applying this technique to isograft 

reconstruction. Based on these findings, isografts that are photochemically sealed with crosslinked 

amnion nerve wraps have emerged as the superior reconstructive method for large gap nerve repair. 

However, the ability to elevate the performance of ANA to match the current gold standard is of major 

clinical interest when severe injuries, complicated with limb loss, preclude the use of autograft. The 

demonstrated success of light-activated sealing of isograft coaptation sites is likely related to the 

creation of a water-tight seal and the subsequent containment of the neurotrophic rich milieu. It is 

possible that removal of SCs, and the neurotrophic factors they liberate, during decellularization of 

ANAs, may partially abrogate this effect. However, the non-significant benefit observed suggests that 

the technique remains advantageous. The avoidance of suture-induced inflammation and fibrosis, the 

exclusion of infiltrating scar tissue and the prevention of axonal escape may be responsible.  

 

Allografts were of excellent quality. Microscopic examination revealed no evidence of epineurial 

fragmentation and fascicular architecture appeared intact. The grafts were pliable and resembled 

autogenous tissue. Although the use of Avance® processed human cadaveric nerve is desirable in order 

to maximize clinical relevance, recent findings from Wood et al showed that, in rodent models of nerve 

injury, regeneration through rat ANA was statistically superior to Avance® (27). By definition, ANAs 

should avoid immunorejection. However, Gulati et al showed that acellular allografts were more 

immunogenic in comparison to acellular isografts. Although both successfully supported regeneration, 

outcomes were inferior to that of cellular isografts(28). Kvist et al performed comparative analysis 

between allografts from various species when used to reconstruct rodent nerve gaps and detected 

significant differences in outcome(29).  It is possible that cross-species xenografts incite a minor, 
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subclinical inflammatory response that is sufficient to compromise recovery. In light of this possibility, 

rat-processed ANA was used in this study in favour of Avance®. ANAs from Sprague Dawley rats were 

used to repair nerve gaps in Lewis rats. It is uncertain whether cross-strain transplantation had any 

detrimental impact on regeneration. As with previous studies, the formation of extraneural scar tissue 

was qualitatively less with photochemical repair in comparison to suture repair (Fig 2). 

 

SFI, muscle mass retention, fiber diameter and axon diameter, following the use of sutured ANA, were 

statistically poorer than sutured isografts after 5-months follow-up. These results are discordant with 

Whitlock et al who showed that, in a rodent model, there was no significant difference in outcome 

between isograft and allograft reconstruction of a 14mm sciatic nerve gap after 12 weeks, although 

results were significant after 6 weeks (30). A significant difference was detected after 16 weeks when 

nerve gaps were extended to 28mm. Interestingly, a comparative analysis by Moore et al showed that, 

although outcomes using a detergent processed allograft were equivalent to isograft, AxoGen processed 

rat allograft were inferior to isograft(31). The 15mm gap used in this study was sufficient to detect 

significant differences between isograft and ANAs for the aforementioned outcomes although axon 

count, myelin thickness and G-ratio were not significantly different. It is possible that if a greater than 

15mm gap had been used in this study, the observed differences between isograft and ANA, and 

between sutured and light activated sealing of ANA, may have been more apparent.  

 

Following decellularization, ANAs consist of basal lamina scaffolds. Components of the basal lamina 

such as fibronectin and laminin have pro-regenerative effects on neurite outgrowth (32, 33) and can 

support axonal regeneration in the absence of schwann cells (33-39). Whilst this may be sufficient over 

short lengths of ANA, successful regeneration across longer lengths is dependent on re-population of 

ANA by resident schwann cells. Early evidence of the diminishing regenerative return with increasing 

graft length was reported by Gulati(7). Contemporary studies by Saheb-Al-Zamani et al emphasized the 

finite migratory and proliferative capacity of SCs and showed that repopulation of increasingly long 
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ANAs by recipient SCs induces a state of proliferative duress that can lead to SC senescence. Axonal 

regeneration and functional recovery declined with increasing graft length and isografts outperformed 

ANAs at all lengths (40). This study did not assess the extent of SC re-population but it is possible that 

photochemical sealing may augment SC migration, further improving regeneration through long ANAs. 

Investigating SC repopulation in ANAs of varying length may form the basis of future investigation. 

When combined with cell-based therapy and tissue engineering, sealing the regenerative mileu and 

maintaining high levels of growth promoting factors at the repair site, may amplify this effect. 

 

Ideally, both isograft groups included in this study would have been repeated with the ANA groups. By 

including data from phase 1 in the comparative analysis, particularly the isograft+PTB group as the 

“optimal” repair method, an element of selection bias has been introduced. An assumption has been 

made in this case that the outcomes in these particular groups would have been replicated if they had 

been repeated. The decision not to repeat these groups was rationalized by the desire to avoid 

unnecessary animal experimentation and in light of the growing body of evidence supporting this light-

activated technique.  

  

CONCLUSION 

Photochemical sealing of isografts has emerged as the optimal method of reconstruction for a 15mm 

rodent sciatic nerve gap. SFI, muscle mass retention, fiber diameter and axon diameter are statistically 

poorer following the use of sutured ANA in comparison to sutured isografts. Photochemical sealing of 

ANAs led to non-significant improvements of SFI, gastrocnemius muscle mass retention and nerve 

histomorphometry, in comparison to sutured ANA, that was statistically comparable to gold standard 

sutured isografts. These results build on the recent successful application of this technique for isograft 

reconstruction. Although subtle, if these improvements translate clinically, this could result in important 

improvements in peripheral nerve recovery in those cases of severe trauma and limb loss where the use 

of nerve autograft is not possible. With refinement, and with parallel advances in stem cell therapy and 
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tissue engineering, this technique, when used in conjunction with ANA, has the potential to completely 

supplant the use of autografts following large gap injury.  
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TABLES 

 

Table 1. Mean SFI for all treatment groups over 5-month follow-up period. At each time point 

throughout recovery, no significant differences existed within each of the isograft and ANA groups. 

Recovery of SFI was statistically poorer for both sutured and photochemcially sealed ANA in 

comparison to sutured and photochemically sealed isograft at each time point. 

 

Experimental 

group 

Mean SFI 

1-month 2-month 3-month 4-month 5-month 

Isograft+suture -87.6+/-5.0 -81.1+/-4.5 -71.8+/-7.3 -74.7+/-6.3 -71.7+/-4.8 

Isograft+PTB -88.2+/-3.9 -80.3+/-3.5 -67.2+/-3.3 -71.6+/-5.5 -67.9+/-5.1 

ANA+suture -95.4+/-2.5 -90.3+/-10.6 -87.9+/-4.0 -84.1+/-3.2 -80.3+/-4.2 

ANA+PTB -93.4+/-3.4 -91.1+/-5.4 -88.9+/-5.4 -83.4+/-4.8 -78.3+/-5.0 
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Table 2. Gastrocnemius muscle mass retention for all groups. Isograft+PTB recovered significantly 

greater muscle mass in comparison to isograft+suture. Muscle mass retention was significantly poorer in 

the ANA+suture group in comparison to isograft+suture. Retention in the ANA+PTB group was 

comparable to isograft+suture.  

 

 
Experimental group Mean left gastrocnemius 

muscle mass retention 

(%) 

SD P value* 

Isograft+suture 60.0 5.2 ---- 

Isograft+PTB 67.3 4.4 0.01 

ANA+suture 52.9 4.77 0.02 

ANA+PTB 55.2 5.5 0.22 
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Table 3. Histomorphometric analysis for all treatment groups. Isograft+PTB recovered significantly 

greater fiber diameter, axon diameter and myelin thickness than all other groups. With the exception of 

G-ratio, no significant differences existed between ANA+suture and ANA+PTB. ANA+suture 

recovered significantly less fiber diameter and axon diameter than isograft+suture. There was no 

difference in axon count, myelin thickness and G-ratio between these groups. ANA+PTB was 

statistically comparable to isograft+suture for all histomorphometric parameters (see Bonferroni all-pairs 

comparison (Table 4)). 

 
Histomorphometric parameters 5mm distal from distal graft coaptation site (Mean+/-SD) 

Experimental 

Group 

Total axon 

count 

(x0.001) 

Axon Density 

(mm2 x 0.001) 

Nerve fiber 

diameter 

(μm) 

Axon 

diameter 

(μm) 

Myelin 

thickness 

(μm) 

G-ratio 

Isograft+Suture 7.61+/-3.42 29.36+/-18.10 5.47+-1.70 3.50+/-1.44 1.96+/-0.47 0.62+/-0.08 

Isograft+PTB 9.66+/-3.08 30.73+/-14.73 6.87+/-2.23* 4.51+/-1.83* 2.35+/-0.64* 0.64+/-0.08 

ANA+suture 5.04+/-2.57 21.50+/-2.56 5.26+/-1.29 3.30+/-1.15 1.76+/-0.86 0.62+/-0.12 

ANA+PTB 6.04+/-3.20 22.03+/-5.15 5.38+/-1.22 3.41+/-0.99 1.97+/0.69 0.63+/-0.11 
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Table 4. Bonferroni all-pairs comparison for all treatment groups. In comparison to isograft 

+suture, isograft+PTB results in statistically significant improvements in muscle mass retention, fiber 

diameter, axon diameter and myelin thickness. ANA+suture had significantly poorer recovery of SFI, 

muscle mass retention, fiber diameter and axon diameter. With the exception of G-ratio, there was no 

significant difference between ANA+suture and ANA+PTB for any of the outcomes measured. There 

was no significant difference in muscle mass retention, axon count, fiber diameter, axon diameter, 

myelin thickness and G-ratio between ANA+PTB and isograft+suture. 

 
 

 

 

 
 
  

Group Comparison SFI 

(5-month) 

Muscle 

Mass 

Axon 

Count 

Fiber 

Diameter 

Axon 

Diameter 

Myelin 

Thickness 

G-ratio 

Isograft+suture vs 

Isograft+PTB 

0.59 0.01 0.90 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

Isograft+suture vs 

ANA+suture 

0.002 0.02 0.47 < 0.0001 < 0.0001 1 1 

Isograft+suture vs 

ANA+PTB 

0.03 0.22 1 0.27 0.08 1 0.21 

Isograft+PTB vs 

ANA+suture 

< 0.0001 < 0.0001 0.02 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

Isograft+PTB vs 

ANA+PTB 

0.0002 < 0.0001 0.08 < 0.0001 < 0.0001 < 0.0001 0.0005 

ANA+suture vs 

ANA+PTB 

1 1 1 0.07 0.06 1 0.0062 
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FIGURE LEGENDS 
 

Figure 1. Methods of rodent sciatic nerve injury and repair. All left sciatic nerves had 15mm 

sections excised. These gaps were reconstructed with sections of processed rat ANA. In one group 

(n=10), ANAs were secured with conventional 10.0 ethilon suture. In the remaining group (n=10), 

ANAs were secured using photochemically sealed crosslinked amnion nerve wraps.  

 

Figure 2. Gross observations following sacrifice. All nerves were found to be intact and showed 

evidence of regeneration across both isografts and ANA. Qualitatively, sutured isografts (A) and sutured 

ANA (D) had greater adhesion formation around coaptation sites. Photochemically sealed isografts (B) 

and photochemically sealed ANA (C) showed remnants of RB stained amnion wraps. Qualitatively, 

sutured ANA diameter was noticeably reduced in comparison to isograft, an observation consistent with 

their statistically inferior outcome.     

 

Figure 3. Sciatic Function Index of ANA and isograft treated groups. After 5-months follow-up, no 

significant difference existed within either isograft or ANA groups. ANA+suture and ANA+PTB groups 

recovered statistically less SFI in comparison to both isograft groups. 

 

Figure 4. Gastrocnemius Muscle Mass Retention for ANA and isograft treated groups. Isografts 

sealed photochemically with crosslinked amnion were statistically superior to all other groups. No 

significant difference existed between sutured and photochemically sealed ANA. ANA+suture was 

recovered statistically less muscle mass than isograft+suture but there was no significant difference 

between isograft+suture and ANA+PTB.  

 

Figure 5. Nerve histomorphometry of ANA and isograft groups.  
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Figure 1. Methods of rodent sciatic nerve injury and repair. All left sciatic nerves had 15mm 

sections excised. These gaps were reconstructed with sections of processed rat ANA. In one group 

(n=10), ANAs were secured with conventional 10.0 ethilon suture. In the remaining group (n=10), 

ANAs were secured using photochemically sealed crosslinked amnion nerve wraps.  
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Figure 2. Gross observations following sacrifice. All nerves were found to be intact and showed 

evidence of regeneration across both isografts and ANA. Qualitatively, sutured isografts (A) and sutured 

ANA (D) had greater adhesion formation around coaptation sites. Photochemically sealed isografts (B) 

and photochemically sealed ANA (C) showed remnants of RB stained amnion wraps. Qualitatively, 

sutured ANA diameter was noticeably reduced in comparison to isograft, an observation consistent with 

their statistically inferior outcome.     
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Figure 3. Sciatic Function Index of ANA and isograft treated groups. After 5-months follow-up, no 

significant difference existed within either isograft or ANA groups. ANA+suture and ANA+PTB groups 

recovered statistically less SFI in comparison to both isograft groups. 
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Figure 4. Gastrocnemius Muscle Mass Retention for ANA and isograft treated groups. Isografts 

sealed photochemically with crosslinked amnion were statistically superior to all other groups. No 

significant difference existed between sutured and photochemically sealed ANA. ANA+suture was 

recovered statistically less muscle mass than isograft+suture but there was no significant difference 

between isograft+suture and ANA+PTB.  
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Figure 5. Nerve histomorphometry of ANA and isograft groups.  
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